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I.I

RECENT USES OF THE FINITE ELEMENT METHOD IN
DESIGN/ANALYSIS OF CANDU FUEL

M. Tayal

Atomic Energy of Canada Limited, CANDU Operations
Sheridan Park Research Community
Miasissauga, Ontario, L5K 1B2

D. him

Westinghous* Canada Incorporated
Port Hops, Ontario, Canada

ABSTRACT

Finite element codes FEAST and ELESTRES have
been used to show: that initial pellet density
can have a significant, effect on the probability of
fuel defect near end cap welds; that sheath
stresses/strains are highly multiaxial near
circumferential ridgea; and that the multiaxiality
affects sheath integrity significantly. The finite
element thermal code FEAT was used to redesign
bearing pads to obtain lower temperature; this
eliminated crevice corrosion. FEAT was also used
to assess the influences of braze voids and of end
flux peaking. These analyses involved complex
geometries. By using finita elements, we could
obtain accurate assessments economically and
rapidly. Finite element codas are also being
developed for bowing, diffusion, flow patterns, and
stress corrosion cracking.

INTRODUCTION

The finite element method is a numeric technique
for solving differential aquations. It is commonly
used for a wide variety of engineering analyses in
a number of industries like aircraft/aerospace,
oil, electronics, shipbuilding, piping, and nuclear
power. Many engineers consider it a proven and
mature method, and have been using it as a standard
desigi tool for a decade. The use of finite
elements in the CANDU* fuel industry, although not
extensive, is increasing rapidly.

Why use finite elements? Several numeric
methods have evolved over the years for solving
differential equations. The most familiar is the
finite difference method. This method forms
difference equations for an array of grid points,
hence provides a pointwise approximation to the
governing equations. This is adequate for many
applications, but sometimes poses problems for
irregular geometries and for unusual boundary
conditions.

The finite element method divides the analyzed
region not into grid points, but into smaller
subregions called finite elements. Thus it
provides a plecewise approximation to the governing
equations. The individual finite elements can have
a variety of shapes, and they can be assembled in

CANDU - CANada Deuterium Uranium - is a
registered trademark of Atomic Energy of Canaan
Limited.

many different combinations. Hence exceedingly
complex shapes can be represented accurately.
Also, since the solution is first formulated for
individual elements, which are simple, complex
boundary conditions can be accommodated. Further
details are available from Ref. 1.

As an example of how the two preceding
techniques differ, consider Figv.re ';. it
represents, schematically, a hypothetical profile

REGION A (WELD)—
VOID

SHEATH

/

73 NO

^~
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\

(b) FINITE DIFFERENCE
MESH FOR REGION A

*

ENDCAP

(a; OVERVIEW

•a- ENDCAP

S*

YYV^
54 NODES ^\\/O^

(c) FINITE ELEMENT
MESH FOR REGION A

v.

m
A

Figure 1 Finite difference and finite element
idealizations of a hypothetical joint between the
sheath and the endcap
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near an end cap weld. The figure shows finite
difference and finite element idealizations near
the end cap weld. A uniform finite difference mesh
would reasonably cover the analysis region. But
the curved boundaries mist be approximated by a
series of perpendicular grid lines. However, even
simple, triangular, finite elements give a better
approximation, and require fewer nodes.

As with many other numerical methods, finite
element solutions are available in one, two or
three dimensions. Setup costs can be reduced
greatly by using pre-processors, including
digitizers.

The purpose of this paper is to highlight some
recent uses of the finite element method in design
analyses of CANDU fuel. He do not present here the
theory or description of the method because it is
available from many textbooks, see for example
Ref. 1. The following sections first discuss some
recent uses of the finite element method for
estimating stresses and temperatures in CANDU fuel.
Then some potential new applications are discussed.
For reasons of space, only selected details are
given for each case.

Figure 2 shows a CANDtS fuel bundle and
identifies its components.

(a) ENO VIEW INSIDE
PRESSURE TUBE

BEARING PAD

FUEL SHEATH
(ZIRCALOY)

FUEL ELEMENT

PELLETS (U02)

"ENDCAP (ZIRCALOY)

MDPLATE (ZIRCALOY)

(b) BUNDLE

CIRCUMFERENTIAL
CRACKS

\

TRANSVERSE
_ CRACKS

PELLET
SHEATH •

(c) ELEMENT AFTER STARTUP

CIRCUMFERENTIAL RIDGES
AT PELLET INTERFACES

STRESSES

The FEAST Code

A computer program called FEAST ha3 been
developed to calculate stresses, strains, and
displacements in CANDU fuel. The FEAST code is
two-dimensional. That is, either plane or
axisynsMtric calculations can be done. The model
include* the effects of elastic, plastic, creep and
thermal strains. Triangular finite elements are
used. The plastic strains are calculated from the
incremental theory (Ref. 2) and from the
Hencky-von Hises yield function (Ref. 2). The
formulation for creep is similar to that for
plasticity.

The user can specify arbitrary conditions of
forces, pressures, and temperatures. As well,
zero, non-zero, or limiting values of displacements
can be imposed on parts of the body. These can all
be specified as a function of time.

The predictions of FEAST have been compared to
many analytical solutions. Figure 3 shows a
typical comparison. It shows stationary stresses
during creep in a thick, closed, internally
pressurized cylinder. The agreement is usually

(a) CASE ANALYZED

400

CLOSED-FORM SOLUTION

FEAST

-200 =

Figure 3
solution

Creep stresses: FEAST vs closed-form

Figure 2 CANDU 37-element fuel bundle assembly

better than 5% for the comparisons made. In
addition, a comparison i s available against
strain-gauge measurements for compression tests on
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end caps. Figure 4 shows that the predictions of
the finite element code are in good agreement with
measurements for axial strains.

(a) SCHEMATIC OF TEST

ENDCAP

LOAD

SHEATH

REFERENCE EDGL"

(b) RESULTS

A TEST MEASUREMENTS FOR AXIAL STRAIN FROM SPECIMEN #1

O TEST MEASUREMENTS FOR AXIAL STRA'N FROM SPECIMEN #2

— COMPUTER SIMULATEO AXIAL STRAIN

ENDCAP SHEATH

DISTANCE FROM
REFERENCE EDGE (mm)

6672 N

Figure 4 End cap strain: finite element vs
measurements

FEAST is a "general purpose" code for stress
analyses/ in that it can also be used to analyze
components other than nuclear fuel.

The BLESTRBS code

A "fuel-specific" version of FEAST is included
a3 a subroutine in the fuel performance code
ELESTRES (Ref. 3). "Fuel-specific" features
include/ for example, cracking of U02/ and a
special formulation for rapid creep of high
temperature UOj.

How does ELESTRES differ from the more familiar
fuel performance code ELESIM (Ref. 4)? ELESM and
ELESTRES both model the behaviour of CANDU fuel
elements during normal operation. The constituent
models are physically (rather than empirically)
based, and include such phenomena aa: fuel to
sheath heat transfer; temperature and porosity
dependence of fuel thermal conductivity!
burnup-dependent neutron flux depression; burnup-
and oiicrostructure-dependent fission gas release;
and stres*-, dose-, and temperature-dependent
constitutive equations for the sheath.

ELESIM contains a semi-empirical one-dimensional
calculation of pellet stresses. Instead, ELESTRES
uses FEAST, which is a more fundamental and
detailed calculation of pellet stresses, strains,
and displacements. This is expected to improve the
accuracy of stress calculations. Also, since FEAST
is a two-dimensional code, ELESTRES is able to
estimate hoop strain in the sheath near
circumferential ridges. Ridges form (Rsf. 5) in
the sheath at pellet ends due to axially
non-uniform thermouechanical expansion of the
pellets, see Figure 2c.

Ref. 3 shows that predictions of ELESTRES for
ridge strains compare well with post-irradiation
measurements covering a wide range of operating
condition*. The remaining calculations of ELESTRES
(e.g. grain growth, fission gas release, flux
depression, pellet densification) use the same
constituent sub-models as ELESIM.

The calculations of ELESTRES include
two-dimensional defoliations of the curved surfaces
of the pellet, see Figure 5a. Elasticity,
plasticity, creep, and cracking are included. Vet
for typical irradiation histories, it requires less
than 40 seconds of computing time on a
CDC/CYBER 175 computer!

Below, we give some examples of recent uses of
FEAST and of ELESTRES.

Streases Hear End Caps: Effect of Pellet Density

Stress profiles are needed to assess the
influence of initial (as-fabricated) pellet density
on cracking n«ar end caps. Since the geometry of
the end cap differs for different fuel fabricators
and for different reactors, we studied an
"idealized" geometry. The dimensions were
consistent with a typical fuel element of a
37-element bundle. The fuel element was assumed to
gsnerate 25 kw/m until a burnup of 80 MW.h/kg(U).
Then, it was assumed shifted to a high-power
position in the channel, producing 55 kw/m.

Power increases (fuel start-up, power boosts)
result in higher fuel temperatures, and in pellet
thermal expansion- Fuel densification (in-reactor)
counteracts such increases. With standard density
pellets, a large part of the thermal expansion can
be compensated by pellet densification. High
initial density of pellets reduces the extent of
densification. Thus higher stresses are expected
in fuel of higher density.

We first used ELESTRES to simulate pellet
behaviour. The finite element calculations for
pellet displacements were then used as boundary
conditions for the sheath and for the end cap, see
Figure 5. FEAST was used to model the sheath and
the end cap using 300-350 finite elements. In
addition to stresses due to pellet expansion, the
calculations al3o accounted for: coolant pressure,
internal gas pressure, and hydraulic drag. To
reflect changes in Zircaloy microstructure during
end cap welding, different plastic moduli were
assigned to the sheath, the end cap, and the weld.
Elastic-plastic axisymmetric calculations were
don*.

FEAST results show that the stresses near the
weld are highly multiaxial in that no single
component dominates. This is also expected
intuitively.
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Figure 5 shows the predicted principal stress as
a function of initial density of the pellet.

(a) ANALYSIS CONDITIONS

SHEATH
REGION A

\ COOLANT PRESSURE

„ '

[ GAS PRESSUREI RADIAL
INTERFERENCE

AXIAL INTERFERENCE -

PELLET -

(b) PREDICTED CRACK
IN REGION A

, SHEATH

I
I
I
I

1

ENOCAP

DRAG

••»- CRACK

ENOCAP

(c) MAXIMUM PRINCIPAL STRESS

10.5 10:S 10.7 10.8
PELLET DENSITY (Mg/m')

10.9

Figure 5 Hfgher pellet density gives larger
weld stress

Due to the multlaxiality, the principal stresses
can ba significantly higher than the yield strength
of Zircaloy. Increasing the initial density from
10.45 to 10.9 Mg/m3 incr«a««3 the principal stress
from 2.9 to 3.7 GPa. Comparison with fuelograms
(R«f. 6) indicates that the corresponding defect
probabilities are 0 and ~30» respectively; the
variation in-between is highly non-linear.

The preceding estimates are pertinent only to
the conditions analyzed. Some assumptions have
been mentioned earlier. Cchars include the assumed
values of diametral and axial gaps between the
pellets and the sheath! stress relaxation during
hold at low power; and idealized shapes of the
pellet, end cap, and weld.

Figure 5 also shows our prediction for the
location and direction of initial growth of a
crack, if the stresses and the chemical environment
are too severe.

Finite elements were ideally suited for this
study because of the complex geometry near the
weld.

Stresses Near End Caps: Effect of
Unbonded Length

FEAST was used to examine the influence of the
location of discontinuity in a sheath/end cap weld,
on the load carrying capacity of CANDU fuel
elements. The length of sound joint in the radial
direction is called the bonded length. Four
different arrangements of the bonded length were
considered, see Fig. 6. All four had the sane
total bonded length, but the locations of the
discontinuity were different. In the first two
geometries, the entire bonded length was within the
projected area of the sheath thickness. In
geometries 3 and 4, 80% of the bonded length was
assumed within the projected area of the sheath
thickness, and the remaining 20% outside the
projected area. In the FEAST simulations, all four
geometries were subjected to the same loads. The
loads represented our judgement of the worst
conditions that can possibly exist in the reactor.
An elastic-plastic axisymmetric analysis was done.

WELD LINE
0.4% 0.2 /

PROJECTED AREA OF
SHEATH THICKNESS

VOID
0.4 0.2 /

,0.2%

SHEATH
V U I U L ,

ENDCAP

(a) GEOMETRY 1

0.4% 0.2

SHEATH

ENDCAP
(b) GEOMETRY a

0.4% / V 0 I P 0.2

VOID ENDCAP

(C) GEOMETRY 3

ENDCAP

(d) GEOMETRY 4

Figure 6 Plastic strains: Effect of discontinuity in

the sheath/endcap wald

Finite elements enabled an accurate yet
economical representation of the irregular
geometries near the voids.

Figure 6 shows the strain contours in the wald
region (region A of Figure 5a) of the four
simulated geometries. The four different locations
of the bonded area result in similar levels of
strains and stresses near the weld. Hence, we
conclude that the resistance of the sheath/end cap
weld against ductile failure is not likely to be
adversely affected if up to 20% of the bonded
length falls outside the projected area of sheath
thickness.

This conclusion applies only when all
assumptions of the analysis are satisfied.

the
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This information was used to modify the weld
specification, reducing the cost of fuel
fabrication.

Sheath Strains Near Circumferential Ridges

We assessed sheath fatigue during ower cycles.
As a first step, we determined the patterns of
stresses and strains in the sheath near
circumferential ridges, see Figure 7. The pellet
dimensions used in this study differ somewhat from
those normally used in CANDUs. The calculations
assumed that fresh fuel is taken rapidly from 0 to
56.3 kW/m.

First, ELESTRES was used to estimate
thermomechanical expansion of the pellet. Then,
the sheath was modelled with FEAST. The expanded
profile of the pellet was used to drive the
circumferential expansion of the sheath.

(a) SITUATION CONSIDERED FEAST ANALYSIS

SHEATH

(b) RESULTS: SHEATH STRAINS
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Figure 7 Multiaxial sheath strains near the
circumferential ridge

Figure 7 shows FEAST predictions for hoop,
axial, and shear strains in the sheath near the
circumferential ridge. The peak values of these
three components of strain have comparable
magnitudes. Since no single component dominates,
the stresses and strains are "highly" multiaxial.

To estimate fatigue life, one needs to first
convert the multiaxial strains into an equivalent
uniaxial strain. For stresses in the
elastic-plastic region. Sines Law (Ref. 7) is often
recommended (Kef. 8) for estimating the equivalent
strain. For the strain pattern shown in Figure 7,
the peak value of equivalent strain is 30% higher
than that of hoop strain. Hosbons data (Ref. 9)
show that a 30% increase in the magnitude of the
strain cycle decreases the fatigue life of zircaloy
by a factor of twol

He conclude that reliable predictions of fatigue
integrity of the aheath require a multiaxial
calculation of sheath stresses and strains.

Pellets of Small Diameter

Fuel stacks in elements may include pellets with
small differences in diameters. This feature
reduces the cost of fuel fabrication. The
possibility of local overstrain at pellet
junctions, due to coolant pressure, was studied
using finite elements.

FEAST was used to simulate the instantaneous
collapse and creep collapse of the sheath, see
Fig. 8. Features included: axial load due to side
stop loading, coolant pressure, and thermal
expansion of the pellets. Elastic and creep
analyses were done.

Assumed values were used for: diameter of the
sheath, diameters of the standard and reduced
pellets, pellet length, and sheath thickness.

Figure 8 shows that the deformed 3hape of the
sheath is stable in the analyzed range. coolant
pressure does not force the sheath into the corner
at the pellet step. Rather, the dominating sheath
stresses are tensile from pellet expansion. The
net creep of the sheath is snail, but outward. It
was therefore concluded that within the analyzed
range, the small diameter of some pellets does not
adversely affect creep collapse of the sheath.

TEMPERATURES

The FEAT Code

Our temperature calculations often use the
finite element code FEAT. FEAT solves the
classical equation for steady state conduction of
heat. Sap elements are available to simulate
interfaces between neighbouring surfaces. Two
versions of FEAT are available: a simple version
for one or two-dimensional calculations in plane or
axisymmetrlc bodies, and a three-dimensional
version (Ref. 10) for more complex situations. The
code can model: conduction; internal generation
of heat; prescribed convection to a heat sink;
prescribed temperatures at boundaries; prescribed
heat fluxes on some s u r f a c e s ; and
temperature-dependence of material properties like
thermal conductivity. The user has an option of
specifying the detailed variation of thermal
conductivity with temperature. Or, for
convenience, the program can be asked to use
pre-coded values of thermal conductivity, which
were obtained from the MATPRO data base (Ref. 11).
Some convenience features are also available, such
as: a) link to a digitizer, which permits rapid
setup, and b) link to a plottar, which permits
rapid display of results.
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(a) FEAST INPUT
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Figure 8 Creep of sheath on a pellet of reduced diameter

The predictions of FEAT show excellent agreement
with many analytical solutions for simple
geometries. Figure 9 shows . typical results for
isotherms in a rectangular slab whose four sides
are kept at the indicated temperatures. The
isotherms predicted by FEAT cannot be distinguished
from those obtained by a Fourier series solution.

0°C

o-c

Figure 9 Isotherms (°C): FEAT predictions

A check against thermocouple measurements is
also available< see Figure 10. It shows a section
of a sheath and bearing pad in contact with the
pressure tube. The heat flux at the inner surface

of the sheath was 110 W/em2; the coolant
temperature outside the pressure tube was ~302°c.
Thermocouple measurements at two locations in the
pressure tube are shown in Figure 10, and compared
with temperature contours predicted by FEAT. The
FEAT simulations assume a heat transfer coefficient
of 0.4 w/cm2K at the interface between the bearing
pad and the pressure tube. From Figure 10, we
conclude that the prediction of FEAT for the
temperature drop between the two thermocouples is
consistent with measurements.

Crevice Corrosion

Shallow corrosion marks have been observed
(Ref. 12) in CANDU pressure tube3 in locations of
contact with fuel bearing pads. The corrosion
marks are not considered to be a determining factor
in the service life of the pressure tubas or of the
fuel. However, it is good engineering practice to
seek ways to eliminate the cause of such marks.

Such localized corrosion is avoided if we reduce
the heat flux towards the bearing surface of the
pad to less than approximately 10% of the current
value. Changes in bearing pad geonetry can achieve
such a reduction.

FEAT simulations assisted in designing the
changed geometry of the bearing pads. A large
number of modified geometries were first simulated



on FEAT, to obtain isotherms similar to Figure 10.
I t was found (Ref. 12) t h a t the c a l c u l a t e d
difference between the highest temperature in the
b e a r i n g s u r f a c e ( T j ) a n d t h e c o o l a n t

temperature ITjJ , AT
the element heat flux.

is proportional to

PRESSURE TUBE

t t f t
110 W/cm2

Figure 10 Isotherms (°C) near a bearing pad:
Thermocouple measurements vs FEAT predictions

From a review of these simulations and of other
information, several promising designs were
selected for testing. Figure 11 shows the measured
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Figure 11 FEAT predictions for temperatures
helped correlate corrosion rates in bearing pads of
different designs

corrosion rates (Ref. 12) as a function of
calculated &T. In this manner, FEAT assisted m
interpreting and correlating test data.

This combination of FEAT analysis and testing
enabled modification of the bearing pad design,
giving reduced rate of crevice corrosion.

The importance of finite elements was in the
accurate, economic, and rapid modelling of the
curved and complex surfaces of the new pads.

Braze Voids

This study determined the size of voids that can
be permitted in the braze between the sheath and
the bearing pad. A large void can restrict heat
conduction via the bearing pad, increasing the
sheath temperature. A3 a first step, temperatures
near the void were assessed by considering radial
and circumferential conduction of heat, see
Figure 12. The calculations considered a variety
of lengths for the braze void. The heat flux was
130 W/cm2 at the inner surface of the sheath.

Figure 12 shows the influence of void length, on
the temperature at the inside surface of the

70
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BEARING PAD

VOID

MAXIMUM TEMPERATURE

SHEATH

50

VOID IN BRAZE (%)
75 100

Figure 12 Increase in maximum sheath
temperature due to void in braze



sheath. When the braze void exceeds -20-50* of the
braze width, the sheath temperature increases
rapidly.

Voids create irregular geometries; finite
elements reduced the effort to assess them.

End Flux Peaking

It is well-known (Ref. 13) that the neutron flux
is higher near the two ends of a fuel element than
at the center of the element. This is called end
flux peaking. It causes higher temperatures in the
pellets near the ends of the fuel stack. This is
partly compensated by axial conduction of heat via
the end cap.

Figure 13 shows the section of a fuel element we
simulated in an axisymmetric calculation using
FEAT. The analysis assumed a nominal heat rating

such as FULOMO and fuelograms (Ref. 6). The
objective is to extend these correlations
inexpensively, and cover conditions not included in
the data base of the correlations. Examples
include: fuel with high density, with low
pellet/Zircaloy clearance, or of large sheath
diameter; multiple ranps in power; power cycling;
and/or extended burnups.

Diffusion

We have developed a preliminary version of a
finite element code FEED, which solves the
equation for diffusion in solids (Ref. 14), The
equation is solved in two dimensions, i.e., for
either plane or axiaymmetric conditions. Diffusion
due to the following effects is considered:
concentration gradient; temperature gradient; and
pickup at exposed surfaces. The predictions of the
code show good agreement with a number of

SHEATH ENDPLATE

1420 (kW/m?) Ill fill! eo \?

PELLET TEARDROP ENDCAP

Figure 13 Isotherms (°C), heat flux (kW/m2), and tear drop near the end of a fuel stack

of ~57 kw/m, endflux peaking of -10%, and element
burnup of 50 MW.h/kgU which is approximately the
plutoniun peak in natural U02 fuel.

Figure 13 shows that although the neutron flux
peaking is -10%, the peaking in surface heat flux
is -2% (-( 1440/1410-1>*100). Thus cooling through
the end cap is significant. Figure 13 also shows
the "tear-drop" shape of isotherms near the end of
the stack. Central voids of this shape have been
observed at Chalk River Nuclear Laboratories,
during neutron radiography of elements irradiated
at high powers (-60-80 kW/m).

As in other example, the curved surfaces of the
pellets, end cap, and endplate were easily
accommodated by finite elements.

NEW APPLICATIONS

A finite element program, BOW, is under active
development. Its objective is to predict fuel
element bowing during conditions of post-dryout,
when drypatches exist on the sheath. Features
include: ability to accommodate arbitrary
variations of temperatures around the sheath
circumference and along the element length;
hydraulic drag load; gravity; resistances from
the sheath, pellet, and endplate; pellet cracking;
lateral restraints from the pressure tube and/or
from neighbouring fuel elements; and material
properties from the MATPHO data base.

analytical solutions. Figure 14 shows that FEED
predictions also agree well with Sawatzky's
measurements (Ref. 14) for diffusion of hydrogen in
Zircaloy-2 after 41-day anneal under a
temperature difference of 157-454°C. The original
development of FEED was focussed towards estimating
diffusion of hydrogen towards the cool regions of
new bearing pads (Ref. 12) being considered to
reduce cravice corrosion. But with further
development, FEED could be applied to the following
situations: diffusion of hydrogen during
post-defect deterioration of fuel; diffusion of
hydrogen in pressure tubes; diff.- of neutrons;
and diffusion of oxygen. The fi' application
above would enhance oux ability -o determine the
rate at which the region of hydrogen-embrittled
zircaloy grows near secondary defects. This in
turn would improve our ability to determine timely
removal of defected fuel.
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Figure 14 Diffusion of hydrogen: FEED
vs measurements

Extend Correlation for Defect Probability Flow Patterns

We also plan to use our existing finite element
codes to extend defect probability correlations

Finite element codes are being developed in and
outside Canada for predicting flow patterns.



Figure 15 compares predictions vs. measurements of
subchannel axial velocities art und circular
cylinders between parallel plates (Ref. 15). The
coordinates are the same in Figures 15a and 15b;
W is the primary axial velocity. By providing a
detailed estimate of flow patterns within
subchannels and around endplates, these codes stay
enable better estimates of pressure drop and of
critical heat flux in fuel bundles containing novel
arrangements of fuel elements, and/or containing
new designs of endplates and end caps.

(a) CALCULATED (REF. 15)

90

10 80
X, mm

I I I I 1 I I I I I I I I I I I

Figure 15 Comparison of the axial velocity
distribution in a subchannel

DISCUSSION

The preceding examples show that the finite
element method is especially suited for a variety
of applications in CANDU fuel. This is because
CANDU fuel has many curved, inclined, and irregular
surfaces. The finite element method can represent
them accurately using few nodes. This leads to
economic and stable computer codes.

With judicious use, the finite element method
can also provide early warnings of potential
problems, especially when experiments require
either a long lead time (e.g., high burnup), or
when they are expensive (e.g., po3:-dryout
operation). Finite element predictions can also be
used to guide the design of such experiments, to
determine appropriate test conditions, and to
interpret results. Thus one can also U3e finite
element calculations to establish the parameters
that, in their plausible ranges, have the most
influence on the final result.

SUMMARY AND CONCLUSIONS

1) Strains predicted by the finite element stress
code FEAST compare well with out-reactor strain
gauge measurements on end caps.

2) Ridge strains in the sheath, predicted by the
finite element fuel performance code ELESTRES,
compare well with post-irradiation measurements
covering a wide range of operating conditions.

3) Finite element studies enabled us to assess the
influence of pellet density on defect
probability. He assumed a power boost of
30 kW/m at 30 MW.h/Jcg(U). When the density
changes from 10.45 to 10.9 Mg/m3, the defect
probability changes from negligible to ~30%.
This result is valid only for an idealized
geometry of the end cap, and for the assumed
clearances between UO, and Zircaloy.

4) Finite element studies show that the stresses
and strains in the sheath are highly multiaxial
near a circumferential ridge. The raultiaxiality
can have a significant effect on the fatigue
integrity of the sheath during power cycling.

5) FEAST has also been used successfully to show
that for the analyzed conditions, the location
of th<3 unbonded length between the end cap and
the sheath has a negligible effect on
elastic-plastic stresses; and to show that
within certain limits, the creep collapse of
sheath on suitably chosen pellets of small
diameter gives acceptable stresses and strains.

6) Temperatures predicted by the finite element
thermal code FEAT compare well with
thermocouple measurements near the interface
between the bearing pad and the pressure tube.

7) FEAT has been used successfully to help select
a new bearing pad design that eliminates crevice
corrosion; to select a specification for the
length of braze voids; and to demonstrate that
endpeaking in heat flux is significantly less
than the endpeaking in neutron flux.

8) Finite element codes for the following
phenomena are under various stages of
development: fuel element bowing; stress
corrosion cracking; diffusion; and flow patterns*
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ABSTRACT

Nine development jirojecta are described, which
have been started or completed in the recent past
as part of our joint tuel development program. The
objective of the projects is either to improve fuel
performance, or to teduce fuelling cost, or to
develop tools for fuel design.

INTRODUCTION

CANDEV is a joint development program in support
of the CANDU* system. it is currently shared
among AECL, Ontario Hydro (OH), Hydro Quebec (HQ)
and New Brunswick Electric Power Commission
(NBEPC), i.e., CANDU Owners Group (COG).

The "Fuel in Normal Operating Conditions" (NOC)
part of the CANDEV program is aimed at further
development of the fuel design, with the following
principal objectives:

- improve fuel performance,
- improve fuel and reactor economy, and

develop design tools.

The third objective can be considered as
auxiliary, related to the first two objectives.

A joint working Pairty administers the Fuel NOC
program. Its task is challenging, as the current
CANDU fuel performance is excellent, and the
fuelling cost is already low. In spite of this,
several significant improvements have been
achieved.

ACHIEVEMENTS 1981-1984

Bearing Pad/Pressure Tube crevice Corroaion

In 1976 a task force vas set up to determine the
cause and nature of marks seen in Pickering
pressure -tabes. Zt waa determined tftat a form of
crevice corrosion was responsible, and that minor
changes would alleviate it.

The standard pad with a radiused bearing surface
has been shown to reduce corrosion rates.
Specifications have been amended and approved for
the production of these pads.

Advanced designs of bearing pads now have been
used to demonstrate the absence of corrosion in
out-reactor test rigs, and designs known as the
standoff, trapazoidal, T-shaped and grooved pads
(Figure 1) have been thoroughly tested and analyzed
(1).

STANDARD STAND-OFF

TRAPEZOIDAL (T-SHAPEI GROOVED

This paper describes the projects which have
been completed or started since 1981. Considerable
cost savings can be realized from some of them. We
intend to show the direction of the whole program
rather than to dwell on details of individual
projects. This has been or will be done elsewhere,
e.g. (1-3).

CANDU - CANada deuterium Uranium is a registered
trademark of Atomic- Energy of Canada Limited
(AECL).

Figure 1 Bearing pad cross-sections:

Recent testing of advanced designs of pads has
concentrated on their mechanical properties and on
their in-reactor performance. All irradiations in
the NRU reactor have been completed successfully.

These bearing pads can now be specified for
production. The irradiation of fuel bundles with
advanced pads, now under way in the NPD reactor, is
the first step towards implementation of this
CANDEV work.
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Thin Wall Fuel

The logistics of a program to develop fuel with
thinner cladding were defined in 1979 with the
objectives of improving fuel economy by reducing
the amount of Zircaloy and increasing the ozaniaa
content in each fuel bundle, and thus achieving an
increase of uranium burnup.

For a 10% reduction of wall thickness, the
increase in fuel burnup results in cost savings
estimated to be approximately $500,000 per year per
reactor unit (CANDU-600 or Bruce 750 M W ) ; over
30 years, this amounts to a present-worth saving of
37-8,000,000 per reactor.

A target minimum wall-thickness has been
selected. In 1980, brazing and welding development
work showed no significant problems in fabricating
fuel with this wall-thickness. Elements and
bundles now have been successfully fabricated and
tested out-reactor (strength, vibration,
instantaneous and creep collapse, longitudinal
ridging), and in-reactor (steady high power, and
response to power ramps)•

Generic development of the thin-wall fuel is
complete. The tasks that remain are to introduce
this fuel into use in the power reactors in a
step-by-step program.

Reduction of Flow Impedance

If we reduce flow impedance of the fuel, there
will be a reduction in pumping power and hence
operating costs, and an improvement in heat
transfer power .-nargins. The work started with a
testing program at the Sheridan Park Engineering
Laboratory (SPED, where the effects of small
geometry modifications were studied under
single-phase conditions. Several ways of reducing
the pressure drop have been identified
(streamlining, end-cap and end-plate geometry).

The attempt to obtain pressure drop data under
two-phase conditions was not successful. A limited
amount of such data will be obtained during the
fuel heat-transfer tests (see below). The present
program was concluded with a study to assess the
relative contribution of the two-phase flow to the
impedance of various bundle geometries. It defines
ways and Limitations, how relative single-phase
pressure drops can be used to screen fuel bundle
designs.

In-Reactor Diameter Measuring Rig

The in-raactor diameter measuring rig has been
used in a CRNL* program to measure sheath
expansions and shrinking during power changes. It
lias helped to verify the irodels used in our fuel
performance codes. .\ review was supported by
CAMDEV. details of this program are given i.T (2).
The paper (5) at this conference, is related.

Chalk River Nuclear laboratories

Fuel Behaviour Under Power Ramps

Zircaloy sheaths of fuel elements can defect if
they arc subjected to a power increase (ramp) after
a si"nifleant burnup at low power. Such power ramj:
deft :ts most often are thought to occur by fission
proc act stress corrosion cracking.

In 1978 Hardy analyzed the results of power ramp
tests performed at CRNL on fuel with graphite
Canlub coatings. A power ramp test would have to
exceed defect thresholds for both power and power
increase for the defect probability to be 1% or
more (4).

A recent power-ramp testing program at CRNL (to
develop better coatings to give better margins for
current fuels and for advanced fuel-cycles) -ias
been completed in the NRU loop, and the results
have been added to the earlier database. New
threshold curves were obtained, relevant for
thicker, good quality graphite Canlub layers,
applied by current production methods.

Studies of Graphite Sheath-Coatings 1Canlub)

Canlub was introduced in 1972 to increase the
resistance of CANDU fuel to power-ramp defects.
Independent studies have shown that graphite
coatings and barrier fuels have comparable
performance (6); the clad fabrication costs of the
zirconium barrier clad, however, are substantially
greater. The limits for the present Canlub coating
may be reached at higher reactor powers or at
higher burnups.

To further improve Canlub, we first should
understand the mechanism of its protective effect.
At present, we do not believe we have a full
understanding of the protective mechanisms.

Experience with graphite, and in particular with
siloxane coatings indicates that their effect on
the defect threshold cannot be explained solely as
a lubrication effect. Rather it is the
inter-action of the coatings with the chemical
species responsible for stress corrosion cracking
(corrodants) that needs to be studied.

The program for this work at CRNL is aimed At.
the characterization of bonds between the
corrodants and the components of the Canlub layer.
The objective is to develop an improved Canlub,
C3pable of binding larger quantities of the
corrodants•

Fuel Heat-Transfer Assessment

There is an economic incentive to improve the
thermalhydraulic characteristics of CANDU fuels.
The objective of this development program is to
provide a low-cost ;tiethod and facility to carry out
liabatic tests on a simulated fuel string. The
facility 13 designed to establish reference values
of pressure drop and heat rejection rates for
various flows, pressures and bundle alignments. It
will be used to run comparative tests with new
bundle designs.
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The program was statted in 1982. To date, the
facility has been completed, and the testing method
successfully developed for the 37-eleraent bundle
design.

Details of this program are given in the paper
(3) at this conference.

Maintenance of Fuel HOC Computer Codes

To ensure dependable predictions of fuel
behaviour, the fuel performance code ELESIM (7) is
being verified and updated at CBNL. among the main
tasks completed within this program are,

- update of the database,
improvement of code logics,

- extension of flux dspression tables to higher
burnupa,

- verification of the transient gaa release
model/

- update of the denaification model, and
- update of the fuel/sheath heat-transfer model.

As part of this program, an improved version of
the ELESIM code was prepared and now has been
endorsed.

Slm-larly, a maintenance program is being
pursued at AECL-CANDU Operations with respect to
the SLESTBES code (8). Two important achievements
can be mentioned here:

- calculation of sheath stresses near a
circumferential ridge,

- incorporation of the Bauschinger effect, and
- improvement of the formulation for sheath

creep.

As part of this program, ti-.e material
properties package of EtESTRES «as updated at
CBNL.

Fuel Documentation

Two types of documents ,ire i/ailable to record
the information on techniques and principles used
in CANDU fuel design, and the information on fuel
performance in CANDU reactors:

- CANDU Fuel Engineering Manual, and
- Fuel Performance Reports.

The CANDU Fuel Engineering Manual >ias first
issued in 1980 with the completion of eight
sections. It is designed to provide the generic
background for fuel Design Manuals. The program of
future work includes production of new sections,
and updates of existing sections.

Fuel Performance Reports summarize the
experience obtained on particular aspects of fuel
behaviour in CANDU reactors. So far, three reports
have been completed.

Drop of ao2 yield strength in compression. The
yield strength of UOj decreases with increasing
temperature. The finite element model for the
drop of yield strength was tested. The result
is shown in Figure 2, which also shows that the
model has an adequate accuracy.

Power cycling. To be applicable to power
cycling, the code is now being modified as
follows:

- T 2

AFTER
MODIFICATION

A
' BEFORE

* MODIFICATION

THEORETICAL
• CODE PREDICTION BEFORE MODIFICATION

O CODE PREDICTION AFTER MODIFICATION

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

STRAIN (%)

Figure 2 Code preciicted strain for temperature
increase

DISCUSSION AND CONCLUSION

CANDU fuel has an edge over several other types
of nuclear fuel in both performance and cost. The
work in the CANDSV program will help to maintain
this edge. The achievements for example in the
Crevice Corrosion and Thin-wall programs, and the
potential in several others such as the Canlub
coating and heat-transfer programs, are or promise
to be significant contributions.

In the Crevice Corrosion program the cause of
the pressure tube marking is now understood, and
the phenomenon can be reproduced in out-reactor
tests. Although the macks do not jeopardize
pressure tube integrity it is recognized as good
engineering practice to prevent formation of these
marks- Fuel bundle design changes to eliminate
thi3 corrosion are in the final stages of being
proven prior to implementation in the power
reactors.

Thin-wall cladding offers economic and fuel
performance gains, for example for the same power
ratings the UO2 operates at lower temperatures than
that in standard-wall fuel. The choice of a new
wall-thickness depends on a number of factors,
however the analytical and practical work of the
program promises a financial payback in leas than
one year after full implementation.

Similarly, the other programs, notafily those
dealing with the critical heat flux and with power
ramp behaviour, promise further improvements in the
performance of the fuel which is already second to
none. The economic effects are difficult to
quantify, but significant cost savings can be
realized.
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LOW ENRICHED FUELS FOR NRU - DEVELOPMENTS IN FABRICATION AND IRRADIATION
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Atomic Energy of Canada Limited - Research Company
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Chalk River , Ontario KOJ 1J0 Canada

ABSTRACT

Low enriched uranium s i l i c i d e d i spers ion f u e l s are
under development for use In Canadian t e s t reac tors .
These 2OS enriched d i spers ion fue l s are to replace the
current 932 enriched uranium-aluminum a l l o y driver
f u e l s . The reduced enrichment is Intended to reduce
the r isk of i l l e g a l d ivers ion for weapons p r o l i f e r a -
t i o n . Developments in uranium s i l i c i d e d i spers ion
manufacturing technology have proven the production
v i a b i l i t y of the f u e l . Success In the i rrad ia t ion
te s t ing of the d i spers ion fue l s in mini-element form
has led to the irradiat ion of seven f u l l - s i z e fue l
assembl ies .

INTRODUCTION

At present , the United States suppl ies more than
one tonne a year of highly-enriched uranium for use In
137 research reactors In 34 countr ie s . Atomic Energy
of Canada Limited, Chalk River Nuclear Laboratories
uses about 100 kg of t h i s material to fue l the NRU and
NRX research reac tors . As part of a world-wide e f for t
to reduce the r i sk of the d ivers ion of such material
for weapons p r o l i f e r a t i o n , we at Chalk River are work-
Ing towards the replacement of our current 93Z enrich-
ed Al-U a l l oy fue l s with 202 enriched s i l i c i d e d i sper-
s ion f u e l s . These Low Enriched Uranium (LEO) fue l s
reta in the same high U-235 d e n s i t i e s used In e x i s t i n g
fuel-rod geometries but with Increased uranium
loading. This obviates the need for extens ive physics
and thermal hydraulics reassessments. Other consider-
at ions were f a b r i c a b i l i t y , thermal and Irradiat ion
s t a b i l i t y , and corrosion res i s tance in the event of
fuel fa i lure-

There are three s i l i c i d e dispersions under consid-
eration for use with 202 enriched uranium. All three
dispersions cons is t of cores extruded d irec t ly from
blended mixtures of powders of pure aluminum and
uranium s i l i c i d e . The uranium s i l i c i d e a l loys are U,
3.5 vtX S i , 1.5 wt% Al (termed US1A1); U, 3.2 wtZ Si ,
3.0 wtX Al (termed USi*Al); and U, 3.9 wtZ Si (termed
UjSi ) . Table 1 l i s t s the weight percentages used for
each of the s l l l c l d e a l loys to achieve the U-235
dens i t i e s needed for the driver fuel of the NRU and
NRX reactors .

The fabrication of these dispersion fue ls en ta i l s
the Induction-melting and casting of the s i l i c i d e
a l l oy , ingot heat-treatment and mil l ing to chips ,
pulverizing to powder, mixing of the fuel powder with
commercially-available aluminum powder, extrusion of
the powder mixture into cores, trimming the cores to
length, extrusion cladding of the cores with aluminum,
and f ina l ly end-plug welding of the elements and
fabrication Into assemblies. Test fuels have been
Irradiation-tested in the NRU reactor In the form of
mini-elements; elements that are only 184 mm long
compared with 2.9 m for regular NRU elements.

TABLE 1: CALCULATED U-235 DENSITIES AND VOLUME
FRACTIONS OF ALUMINUM IN THE Al-U ALLOYS
AND A1-US1A1, Al-USi*Al AND A1-U3S1
DISPERSIONS UNDER STUDY.

Alloy or
D ispers ion

Al-21 vtX U (NRU)
Al-28 wt2 U (NRX)
Al-37 wtZ U
Al-40 wtZ U

Al-61.5 wtZ USiAl
(NRU)

Al-62.4 wtZ US1*A1
(NRU)

Al-61.0 wtZ (I3Si
(NRU)

Al-72.4 wtZ USiAl
(NRX)

Al-73.4 wtZ US1*A1

Uranium
Enrichment
wtZ U-235
In Total U

93
93
45
45

20

20

20

20

20

U-235
Density

Mg/m3

0.63
0.89
0.63
0.70

0.63

0.63

0.63

0.89

0.89

Volume
Fraction of
Aluminum

0.85
0.78
0.69
0.66

0.77

0.75

0.79

0.67

0.64

USiAl alloy stands for D-3.5 wt% Si, 1.5 wtZ Al
USi*Al stands for U-3.2 wtZ Si , 3.0 wt% Al
U3Si alloy stands for U-3.9 wtX SI
(The stoichiometric composition of UjSi Is U-3.7 wcX
Si. The extra 0.2 wtZ in the alloy is to ensure
there Is no free uranium).

Over the past five years in the development of LEU
fuels, as breakthroughs were made In fabrication and
as results from Irradiation testing became available,
the emphasis has steadily shifted from fabricab 11 ity
to irradiation performance as the criteria to judge
the relative merit of the different s i l i c ide al loys.
The irradiations, some more than a year in duration,
have produced results that in turn have necessitated
other considerations and further refinements In the
fuel fabrication process.

+Member of Canadian Nuclear Society

CASTING AND HEAT-TREATMENT OF THE SILICIDE ALLOYS

Early in the development of the casting part of the
LEU program the at tract ion of USi*Al was that i t s
i iquldus temperature (1,538 K) is 110 K lower than
that of USiAl. This di f ference appeared s i g n i f i c a n t
In terms of the choice between a water-cooled induc-
tion furnace and an air-cooled res is tance furnace
because c r l t i c a l i t y considerations determine the
crucible charge. The l imited l i f e - t i m e s of the
res is tance heating elements and the need for water-
cooling of furnace a n c i l l a r i e s caused termination of
the development work on an air-cooled res i s tance
furnace.

A laboratory-scale bottom-pouring Induction furnace
was then bui l t to evaluate ways of reducing scrap
l o s s e s , and in doing so to produce 1.8 - 1.9 kg
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billets of USiAl and USi*Al required for Che manufac-
ture of six prototype NRU full-size 12-element assem-
blies. A series of fourteen castings were performed.
The total scrap was generally about 5% but a total
scrap loss as low as 2.6% was achieved on optimizing
t\< geometries of the crucible and plunger.

At that point in the development of our casting
technology the two aluminum-containing silicides had a
potential advantage over the U^Si alloy because of
their much lower melting temperature, 1723 K versus
1923 K. It is necessary to cast slightly above a
silicide alloy's liquidus temperature so as to
dissolve any higher melting uranium compounds that
form at the initial start of melting. Because we
utilize a bottom-pouring technique, the high casting
temperature of 1138! promotes the sintering of the re-
fractory plug used to seal the bottom of the crucible
decreasing the central hole size. The decreased hole
size impedes the removal of the crucible's stopper and
dumping of the melt. The commissioning of an uprated
autotransformer for the induction furnace allowed us
to decrease our melting time from 30 minutes to 10
minutes, thus alleviating the sintering problem and
reducing scrap losses. Better mixing of the UjSi melt
was also achieved; no free uranium being present in
the billets after heat-treating in a vacuum furnace
for 96 h at 1073 K.

Heat-treatment transforms the as-cast structure of
the USiAl and USi*Al alloys from a uranium-rich
eutectic (containing U3Si2 and UA12 precipitates) to a
matrix of U-jSi containing 0.5 wtZ dissolved aluminum
and precipitates of tf-iSi- and UA^* This transformed
structure is less reactive with the aluminum matrix
than the as-cast structure which contained free
uranium.

MATERIAL PROPERTIES

We have undertaken various studies of the
properties of silicide dispersions in terms of aqueous
corrosion, tensile strength and thermal conductivity.
All of these properties though adequate, were slightly
inferior to those of the aluminum-uranium alloys
currently used as the driver fuel for the NRt/ and NRX
reactors. The major difference in properties between
the silicide dispersions and the Al-U alloys is the
tendency of the silicide Jispersion material to swell
when heated for considerable periods at temperatures
exceeding 473 K. For example, at 623 K about 10%
swelling occurred in a period of 3 months in the
Al-61.5 wt% USiAl core of a mini-element. The
swelling has been deduced to have resulted from the
chemical reaction of the dispersed silicide particles
with the aluminum matrix according to the chemical
reaction:

+ 9 Al •3UA1, Si1/3

The reaction product is UA1, containing Si dissolved
substitutionally throughout the UAI3 lattice. Above
473 K, the aluminum diffuses into the U3Si particles
from the matrix along grain boundaries forming
UAl-jSij,-. The swelling is attributable mainly
to the condensation of vacancies created at the
UjSi/matrix interface. The vacancies do not migrate
away to free surfaces but condense to form pores,
possibly stabilized by traces of gaseous impurities
such as hydrogen. In the absence of void
formation the total volume difference between reacted
and unreacted Al-U.3Si is only 3.2%.

EFFECT OF PARTICLE SIZE

An experiment was performed in which separate
dispersions of Al-62.4 vtX USi*Al were blended using
discrete fine (0-44 pm) and coarse (88-L49 um)
particle size ranges. The dispersions were extruded
into fuel cores which were then vacuum-heated for 1, 3
and 5 month periods at 641 K. We expected that,
because the surface areas of the coarse particles were
on average about 3 times greater per unit mass of
silicide, the dispersion of fine particles would also
swell more. This was precisely what happened, the
cores with fine particle dispersions had swollen by
30, 36 and 42% at 1, 3 and 5 months compared with 13,
17 and 182 for the cores with coarse silicide
particles.

Thermally activated swelling involving vacancy
condensation has not been experienced in silicide
dispersion fuels in-reactor. However, there is
consistent evidence that the silicide fuel particles
do react, peripherally at least, with the matrix
aluminum in-reactor although interface voids do not
form. The temperature at which this peripheral
reaction takes place is less than 473 K. The reaction
is clearly influenced by irradiation effects which may
in turn produce interstitial Al atoms to annihilate
vacancies produced by chemical reaction at the
particle/matrix interface.

It was suggested that the presence of aluminum in
the U3Si lattice increased the mobility of fission
gas atoms, led to bubble coalescence and hence
break-away swelling (1). Therefore, it would seem to
be advantageous to use coarser particles of u^Si to
minimize the quantity of silicide reacting
peripherally.

Another particle-size sensitive phenomenon is the
escape from fuel particles of fission fragments. With
larger particles a significant fraction of the fission
fragments come to rest within the particle, whereas
with small particles most of the fission products
could recoil into Che matrix aluminum. For example,
about 12% of fission products would escape from
silicide particles having sizes in the range 88-149 jn
compared with about 60% escape from particles in the
size range 0-44 ym. These approximate values were
calculated using the formula of Weber and Hirsch in
which the fraction (f) of fission products which
recoil from a sphere of diameter (D) is given by:

f - 0.5 (3\/D -

where \ is the fission fragment range in the U3S1
(assumed to be 9.4 um which is the value of \ for
UO2 (2) and should be conservative since t * 6.8 ym
for U metal).

Since the size of Che uranium silicide particles
directly influences the amount of swelling that occurs
in reactor, it Is important to have a precisely con-
trolled comminution process. Specifically, Irradiation
tests have shown that fuels containing a large propor-
tion (>33%) of fine silicide particles,-44 am, exhibit
a greater degree of swelling than fuels containing
coarser silicide particles with 12% of particles <44 jm.
In the comminution process, the production of chips from
heat-treated silicide ingots originally employed lathe
machining, the resultant chips being 350 ym thick on
average. An alternative arrangement, namely end-milling,
was also developed to reduce the scrap rate and improve
die production rate by increasing the tool cutting
surface. The chips from end-milling were about 20 ym in
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thickness and contained more microcracks than the
lathe machined chips. Consequently, the distribution
of particle sizes after pulverizing in a hammer mill
was considerably finer. Increasing the depth of cut
in the end-milling procedure in order to produce
thicker chips is problematic in terms of tool life
because of the high hardness (Rc56) of the silicide
ingots. A lathe-mounted device called a "Widax" drill
which is self-lubricated and has Interchangeable
carbide insert cutting edges shows promise in
producing chips rapidly to the correct
specifications.

EXTRUSION OF SILICIDE CORES

Our early fuel cores were hot extruded from
cold-compacts. An alternate fabrication procedure has
now been developed to eliminate cold compacting by
directly hot-extruding from blended aluminum and
uranium silicide powders. For the first extrusion of
a series, the extrusion port of Che die is blocked by
partly extruding a compact of silicide fuel;
subsequent extrusions use che butt of the previous
silicide charge to block che die extrusion port. This
is done to contain powder, minimize oxidation and
facilitate initial compaction. In the first phase of
the development campaign, the extrusion of silicide
dispersion fuel cores 2 m long was studied as a
function of various parameters such as die
temperature, extrusion ram speed and die shape. Forty
extrusions were performed in this campaign, varying
the parameters in turn to find the optimum combination
of parameters. Some combinations led to surface
tear-outs during extrusion, but surface imperfections
were reduced markedly on increasing extrusion speed.
Optimization of extrusion parameters has allowed us to
increase the output of 2.8 m long, 5.5 mm diameter
fuel cores from 12 to 25 per day. This rate will
enable us to manufacture che annual requirement of NRU
cores in a 12-week extrusion campaign.

IRRADIATION EXPERIMENTS

Table 2 lists the irradiation program for LEU
silicide fuels to date and the program's current
status. Those irradiation experiments that have had
significant impact on the fuel development program to
date are detailed in the following sections. The test
vehicle for irradiating silicide dispersion fuels in
most tests so far has been the mini-element. The fuel
core diameter of 5.5 mm and clad wall thickness
0.76 mm are the same as in full-size NRU elements.
The mini-elements are, however, only 184 mm long
compared with 2.9 m for NRU elements.

The mini-elements also resemble NRU elements in
that they have six cooling fins at 60° intervals
around the cladding, Che fin width being 0.76 mm and
fin height 0.96 so. The mini-element fuel carriage
wag a cylinder with four holes bored axially through
It at 90° intervals. An aluminum liner containing
four mini-elements was inserted into each hole or flow
channel. The mini-elements were located centrally in
Che flow channels by four-pronged anodized spiders
located on the end spigots of the mini-elements.

FZZ-905 EXPERIMENT

This experiment showed that the swelling behaviour
of the silicide dispersion fuel Al-61.5 wtZ USiAl (20%
enriched) was about the same as experienced in che

companion alloy fuels Al-21 wtZ U (932 enriched) and
Al-37% U (45Z enriched). All three fuels had swollen
by about 0.8 volume percent per 10 atomic percent
burnup to a final burnup of 56.4 atomic percent.

FZZ-909B EXPERIMENT

Definitive swelling measurements were made (after
post-irradiation stripping of the oxide from the
aluminum cladding as described in Reference 3) on che
FZZ-909B mini-elements containing Al-61.5 wt% USiAl
and Al-62.4 wtZ USi*Al. The cores had swollen by
5.92-7.63 volume X at 82 atomic percent burnup and
6.57-7.76 volume % at 93 atomic percent burnup. These
results are very important because swelling was
approximately linear right up to 93 atomic percent
burnup, so the NRU composition silicide dispersion
fuels reached their terminal burnup without exceeding
the threshold of breakaway swelling.

Post-irradiation metallography revealed chat
interfacial layers had formed around the silicide
particles in the fuel cores (Figure I). The inter-
facial layers, possibly che aluminide UA^Sij^
as explained in Reference 1, were thinner near the
fuel core periphery and their edges were more sharply
defined (Figure 2) than at the fuel core centre.
Fission gas bubbles ranging up to 5 \ia in diameter
were contained in the kernels of che fuel particles.
Considerably less fission gas bubbles had been re-
tained in the interfacial layers. The phase contain-
ing the fission gas bubbles will be termed "reacted
silicide"; i.e. Che kernel of each fuel particles.
There was widespread evidence that individual "reacted
silicide" particles had coalesced (Figure 3). More
coalescence had occurred at the fuel core centre than
at the periphery.

FZZ-909A EXPERIMENT

Definitive swelling measurements were made (after
post-irradiation stripping of the oxide from the
aluminum cladding) on the FZZ-909A mini-elements
containing Al-72.4 wt% USiAl and Al-73.4 vt% USi*Al
irradiated to 82 atomic percent burnup. The cores had
swollen by 7.85-9.33 volume % most of which manifested
itself as diametral increases. This swelling of NRX
composition fuels exceeds slightly the 1 volume 7. per
10 atomic percent burnup envelope observed previously
for silicide dispersion fuels of NRU composition
(typically Al-61.5 wt% USiAl) which had swollen by
5.92-7.63 volume % at 82 atomic percent burnup.
However, the respective uranium densicies of the NRU
and NRX composition fuels are 3.15 and 4.50 Mg(U)/m3

so we may normalize che data for a true comparison
yielding 4.91-6.53 for the NRX data when multiplied by
3.15/4.50. These values are slightly lower than the
actual NRU range, so the two fuel materials are
behaving similarly.

Post-irradiation metallography revealed features
similar to those described in the preceding section.
Interfacial layers around reacted silicide particles
had reached a thickness of 7.5 um near the fuel core
periphery and 25 urn around particles near che fuel
core centre. Again "reacted silicide" particles had
coalesced.

The beneficial effects of thick-walled cylindrical
cladding relative to plate-type fuels were evident
from che longitudinal sections of FZZ-909A mini-ele-
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Experiment

FZZ-905

FZZ-909A

FZZ-909B

FZZ-910

FZZ-911

FZZ-913

FZZ-915

FZZ-918

Number of
Elements (a)

8M
4M
4M

6M
6M

6M
6M

8M
8M

4M

8M
4M

36F

48F

6M

16M

Core

Al-61
Al-21
Al-37

Al-72
Al-73

Al-61
Al-62

Al-72
Al-73

Al-61

Al-62
Al-61.

Al-62.

Al-61.

Al-61.
Al-72.
Al-73.

Al-61.

TABLE

Material

.5 USiAl
U
U

.4 USiAl

.4 US1*A1

.5 USiAl

.4 USi*Al

.4 USiAl

.4 USi*Al

.5 USiAl

.4 USi*Al

.5 USiAl

,4 USi*Al

0 U3Si

5 USiAl
4 USiAl
4 USi*Al

0 V3S1

2: IRRADIATION PROGRAM AND STATUS

U-235
Enrich-
ment 7.

20
93
45

20
20

20
20

20

20

20
20

20

20

20

20

Test
Objectives

Compare Dispersions
with Alloys
(NRU Compositions)

Test NRX
Compositions

High Burnup
Confirmation

Test finer sili-
cide particles.

Drilled defects
in cladding.

Fuel core surface
imperfections-

3 x 12 element
assemblies

4 x 12 element
assemblies

Defects in clad-
ding, drilled after
pre-irradiation.

Define specifica-
tions for U-jSi
particle size
distributions.

Current
Status (b)

Irradiation
Complete
P.I.E. Complete

Irradiation Complete
P.I.E. Complete

Last 6 elements discharged
at 93% burnup.
P.I.E. Complete

Excessive swelling at a
burnup of 42 at%. P.I.E.
completed. Irradiation
terminated at a burnup of
60 at%.

First three phases complete
at 20, 35 and 60 at%.

60 at% burnup.

Loaded into NRU 1984 April-
August. No problems.

Loaded into NRU 1984 April-
October. No problems.

Preparation completed.
Irradiation completed.

Proposed Irradiation
to begin 1985 July.

Final
Burnup

56.4

82

93

60

5-20

80

80-90

80-90

30-85(c)

80-90

(a) M stands for mini-elements, F stands for full-size elements.
(b) P.I.E. stands Cor post-irradiation examination.
(c) Initial burnups ranged from 22 Co 83 at% and this was a 38 day irradiation.

§5*2?:

100 pm

FIGURE 1: METALLOGRAPH OF Al-61.5 wtX USi*Al AT
93 at% BURNUP. SHOWN ARE FUEL PARTICLES NEAR THE
CORE PERIPHERY, AROUND WHICH THIN INTERFACIAL LAYERS
HAVE FORMED.

100 nm

FIGURE 2: SAME ELEMENT AS FIGURE 1. SHOWN ARE FUEL
PARTICLES AT THE CORE CENTRE WHICH POSSESS THICKER
INTERFACIAL LAYERS.
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100 j/m

FIGURE 3:
COALESCED.

REACTED SILICIDE PARTICLES THAT HAVE

core centre temperature would have risen from 450 K to
about 500 K. The temperature rise would have
accelerated thermal reactions between the aluminum and
silicides and also would have increased the diffusion
rates of fission gases*

The lesson learned from the performance of the
FZZ-910 mini-elements is that the amount of fine
sllicide powder particles (<44 ym) in the dispersions
must be controlled, particularly at high silicide
loadings.

FZZ-913 EXPERIMENT

The first irradiation of full-length 12-element NRU
rods comprised 3 rods (36 elements) containing Al-62.4
wtX USi*Al and 4 rods (48 elements) containing Al-61.0
wrj UjSi. All rods have been performing well in the
'Mil reactor and burnups are currently In the range
60-80 atomic percent'

COixiJLUSIOSS

ments at a burnup of 82 atomic percent. Fission-gas
bubbles were observed in the individual fuel kernels
or "reacted silicide" particles ranging up to 4 um in
diameter. However, in the regions at the ends of the
fuel cores where gaps existed between the fuel core
and end plug,and also where rolling-in of the fuel
core into the end plug grooves was partially
Incomplete.the silicide dispersion was not well
restrained locally and consequently the diameters of
fission gas bubbles increased. The largest fission
gas bubble was about 30 ym diameter. It should be
emphasized that the large bubbles were confined to the
end plug region, posed no threat to the performances
of the mini-elements, and had no discernible influence
on external mini-element dimensions.

FZZ-910 EXPERIMENT

This irradiation was designed to test the effect of
fine silicide powder distributions on the swelling
rate at a high silicide loading. In the first two
phases, mini-elements of Al-72.4 wt% USiAl and Al-73.4
we/! USi*Al were irradiated to 22 and 42 atomic percent
burnup. The results showed that the finer silicide
powders led to greater amounts of swelling in the
FZZ-910 test compared with the FZZ-909A test on
materials of the same overall composition but in which
the fuel particles were coarser. In both experiments
linear powers were in the range 58 ± 3 kw/m.

Detailed metallography of a mini-element containing
Al-73.4 wtX USiAl which had a swelling of 6.82 volume
X at a burnup of 42.9 atomic percent revealed that the
silicide particles had reacted extensively with the
aluminum matrix, consuming most of the aluminum
matrix, in about the centre two-thirds of the fuel
core. The "reacted silicide" particles had coalesced,
the outcome being that the matrix in the central
region was no longer aluminum but "reacted silicide"
containing islands of unreacted aluminum. Much
dispersed porosity was observed in the central core
region, the pores undoubtedly contained fission gases
because for the FZZ-910 particle size distribution 32%
of the fission gases would have been ejected from the
silicide particles by recoil. The thermal conductivi-
ty of the transformed central core structure would
have been reduced to 63.2 H/m.K on transformation to
UAI3 (Reference 4) compared with 124 W/m.K which is
the thermal conductivity of Al-73.4 wtZ USi*Al
(Reference 3). A simple calculation suggests that the

1. Mini-elements containing silicide dispersions
appropriate for the NRU reactor and full-size
prototype NRU rods have been irradiated to high
burnup without encountering any performance
problems.

2. Fabrication technology has been developed to
manufacture uranium silicide dispersion fuels at a
production rate that exceeds the current demand
rate for driver fuel for Chalk River test
reactors.

3. The thermal swelling Induced by the chemical
reaction of uranium silicide with the aluminum
matrix has posed no problems during irradiation
because of the low operating temperature of the
fuel (£473 K) in reactor, and the superior
restraint offered by the relatively thick
cylindrical aluminum cladding compared to
plate-type fuel.

4. The particle size distribution of the uranium
silicide dispersion must possess a minimum of
fines (<44 urn). Optimum particle size distribu-
tions offer a reduced total particle surface area
and hence, a slower rate of reaction of the
uranium silicide particles with the aluminum
matrix, and containment of a larger fraction of
the fission products within the particles.
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THE FLUORINATION OF UF4

R.C. BURK

Eldorado Resources Limited
Ottawa, Ontario

ABSTRACT

The fluorination of uranium cecrafluoride to
uranium hexafluoride was studied. The variables
investigated were temperature, fluorine partial
pressure, particle size, and impurity content of the
UF4. The experiments were performed on a recording
thermobalance so that kinetic data could be obtained.

INTRODUCTION

Eldorado Resources Limited (ERL) currently
produces some 6,000 metric cons of refined uranium
per year. Of this, about 80% is in the form of
uranium hexafluoride (UFg), which is exported for
enriched fuel manufacturing.

A general process flowsheet for the conversion of
nuclear grade uranium trioxide (U03)'to UF6 is shown
in Figure 1. In brief, the UO3 is reduced by

UF, PROCESS

H , •

HF—-

F , —

UO,

1
uo,

I
UF4

1
UF.

FIGURE 1 : SCHEMATIC OF U

hydrogen in a fluid bed reactor to produce uranium
dioxide (UO2), which is then reacted with aqueous
hydrofluoric acid (HF) to produce uranium tetra-
Eluoride (UF4). The UF4 is burned in fluorine gas
to produce the UFg. This last step is performed in
a vertical tube reactor, or "flame reactor". The
conversion is not 100%, however, and some material
("ash") remains after Eluorination. The ash formed
as a result of flame reactor operation amounts to
2-3% of the UFg production, and so steps must be
taken to recover the uranium from the ash, which
results in increased processing costs. Also, the
ash presents its own hazards in the form of high
levels of radioactivity (mainly due to 234fj,) and
fuming (mainly due to HF). These hazards
necessitate special handling and storage until the
radioactivity and fuming have subsided.

A research program was thus started at ERL with
the objectives of determining the major causes of
ash production, and using the information gained to
reduce ash production.

The thermodynamics of the uranium-fluorine
system have been extensively studied. (1) From

thermodynamic considerations, fluorination of

UF4 could produce U4F]_7, U2F9, UF5 or UFfc. Since
the intermediate fluorides are believed to make up
a substantial portion of flame reactor ash, the
kinetics of their formation is also of interest.
Labaton and Johnson (2) studied the fluorination or
UF4 at tempeiatures ranging from 265 to 348°C. They
found first order kinetics with respect to fluorine
partial pressure, and an energy of activation which
varied according to the method of preparation of the
UF4. Vandenbussche (3) studied the fluorination
kinetics of UF4, UO2 and UO2F2. The reactions
proposed were:

2()
UO2F2(S)

F2(g) - "F6(g)
+ F2(g) - UO 2F 2 ( s )

) + 2F:b2(g)

(1)
(2)
(3)

U02 was observed by Vandenbussche to fluorinate much
more slowly than UF4, but at about the same rate as
UO2F2, suggesting reaction (3) is the rate limiting
step in the fluorination of U02.

The kinetic model found by both of the above
mentioned authors to best fit the fluorination data
was the "diminishing-sphere model":

fa/mo)1/3 - -kt
where tn » mass remaining at time t

mo » initial mass
k « rate constant
t » time

Vandenbussche also found that the rate of fluorina-
tion of UF4 varied inversely with particle size,
which probably reflected a surface area influence.

EXPERIMENTAL

A schematic diagram of the apparatus used is
shown in Figure 2.

FICURE 2: SCHEMATIC OF APPARATUS

The apparatus consisted of an electrobalance (Cahn
model R-100) which was modified so as to prevent
entry of fluorine into the balance mechanism
chamber. Fluorine gas (Air Products Ltd., 962
pure) was passed through a bed of sodium fluoride to
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remove any HF. Nitrogen gas (Air Products Ltd.) was
passed through copper turnings at 35O°C to remove
oxygen, and a dessicant to remove water, before
being mixed with the fluorine. The sample to be
fluorinated was hung in a 2 cm diameter monel pan in
the center of a 5 cm diameter raonel tube. The
reaction vessel was heated by means of a LLOV
resistive element. Temperature was measured with a
stainless steel sheathed type K thermocouple placed
in the immediate vicinity of the sample. The off-
gas from the chamber was bubbled through a solution
of 50% KOH, which effectively trapped the uranium
and fluorine.

UF^ from two different production methods was
used. One sample was produced by the dry hydro-
fluorination of UO2 (referred to as "dry-way UF4"),
and the other from the reaction of UO2 with aqueous
HF (thus producing "wet-way 1IF4") . These two UF4
samples differed in three major ways. First, screen
analysis showed chat the dry-way material was much
finer than the uet-way. This is illustrated in
Figure 3, a screen size histogram for both samples.

!•••• •!*«. Tyl*'

FIGURE 3: QF4 SCREEN ANALYSIS

Second, the impurity contents, specifically AOI*
and UO2F2V were different, as shown in Table 1.

TABLE 1: CHEMICAL ANALYSIS OF UF4

be expected to be more difficult, since diffusion
of fluorine into the UF4 and UFg out of the
material would be hindered relative to that of wet-
way.

The experimental procedure was as follows. A
sample of UF4 was spread out evenly on the balance
pan. The nitrogen flow was set and the heat turned
on. When the operating temperature was reached,
the fluorine flow was set. When the weight had
decreased to a stable value, the heat and fluorine
were shut off. Percentage ash was calculated as:

Kinetic rates were obtained, assuming the diminish-
ing sphere model mentioned above, by plotting
(m/ro0)^''^ versus t. The slope of the line was thus
-It.

RESULTS AND DISCUSSION

Effect of Temperature

The effect of temperature was studied to determine
if there is a minimum temperature for the fluorina-
tion of UF4. Also, rate constant data as a
function of temperature were used to calculate an
experimental activation energy. Arrhenius plots
for wet-way and dry-way UF4 are presented in
Figure 4.

MtxMf, K"

I AOI

Wet-Way

Dry-Way

0.75 t .07

U zl

11.9 ± .8

3.7 t .3

Third, the bulk densities differed, probably due to
the different screen sizes. They were 2.01 g/cmJ

for dry-way and L.43 g/cm^ for wet-way. From this
fact alone, fluorination of dry-way material would

'•AOI means "ammonium oxalate insoluble", and
consists o£ U09 and U-jOg.

FIGURE 4: ARRHENIUS PLOTS FOR UF4 FLUORINATION

Activation energies calculated are 20.8 kcal/mole
for wet-way and 27.3 kcal/mole for dry-way. This
difference is likely due to the difference in bulk
densities of the powders, as discussed earlier.
Although the AOI and UO2F2 contents of the two
samples were considerably different, the measured
rates were those of UF4 itself. This is discussed
in more detail later. The linearities of the
activation energy plots are good (r « 0.98 for dry-
way and r » 0.97 for wet-way) as long as points at
temperatures above 425°C are excluded. At this
point, the rate of fluorination becomes independent
of termperature, indicating that the chemical
reaction is no longer the rate limiting step.
Diffusion may be limiting the rate at this point.
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It is possible that this "limiting" temperature
is higher in production, since the UF4 falls through
the reactor as a finely dispersed powder and
diffusion will not be as critical a factor. It is
evident that an ignition temperature, as such, does
not exist for fluorination of UF4. With decreasing
temperature, the reaction rate decreases, but does
not go abruptly to zero.

Effect of Fluorine Partial Pressure

From an inspection of reaction (1), it is
apparent that increasing Che fluorine partial
pressure should increase the reaction rate. This
was found to be so, and the effect on ash production
was quite dramatic. The fluorine partial pressure
was varied from 0.28 to 0.88 atm, and the amount of
ash remaining after 10 minutes at 375°C was
measured. The results are plotted in Figure 5 as
X ash versus fluorine partial pressure. The amount

Since the rate of fluorination is proportional to
the fluorine partial pressure, the rate of
fluorination also decreases cowards Che bottom of
the flame reactor. If the reaction mixture passes
out of the flame reactor before fluorination is
complete, ash will resulc.

Effect of Particle Size

Figure 6 shows how initial UF4 particle size
influences the rate of fluorination of wet-way UF/,.
The rate (expressed in units of min~^) drops from
about 1.2 for -325 mesh IIF4 to about 0.6 for
+20 mesh UF4. This relationship is expected for
gas-solid reactions where there is a uniform attack
of the solid surface by the gas.

•e ,..

FIGURE 6: UF4 FLUORINATION RATE AS A FUNCTION OF
SCREEN SIZE

F,, *

It seems likely that the coarse material is
responsible for much of the ash production in the
flame reactor. These experiments show that the +20
mesh UF4 requires twice the retention time of the
-325 mesh UF4 for 100% fluorination, yet in the
flame reactor their residence times are tne same.

The UF4 was pulverized on a production scale, and
results indicate a reduction in ash. Table 2 shows
the amount of ash produced (in kg/hr) for two days
of production in four flame reactors without
pulverizers and one with.

FIGURE 5: ASH AS A FUNCTION OF FLUORINE PARTIAL
PRESSURE

TABLE 2: ASH PRODUCTION

of ash can be reduced to near zero in this system
if the fluorine partial pressure is high. In
production, the ash amounts to a few percent even
though the fluorine partial pressure is maintained
(at the start of the reaction) at 1 atm. This
indicates che difficulty in scaling up results from
a static bed system Co a continuous system such as
a flame reactor. Nevertheless, the necessity of a
high fluorine partial pressure has been confirmed
in production.

A major difference between the laboratory
experiments and the flame reactors is that the
fluorine partial pressure In the laboratory
apparatus Is maintained at a certain value for Che
duration of che experiment. In production,
fluorine is consumed as the reaction mixture
progresses downward through the flame reactor.

Day

Day

1

2

Unpulverizs

20 22

17 34 23

:d

32

40

Pulverized

6

12

Effect of API and UOTF?

Admixtures of UF4 with UOT or UO2F2 were
fluorinated to determine what effects these
impurities would have on fluorination. In all cases,
a two-stage weight loss was observed. The first
stage corresponded Co the fluorination of the UF4
itself, and the second much more gradual weight loss
to the fluorination of the UO2 or UO2F2. The time
required to fully fluorinace the sample was
measured, and plotted against Che amount of UO2
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added in Figure 7, or UO2F? added in Figure 8.

FIGURE 7: TIME REQUIRED FOR FULL FLUORINATION
VERSUS % AOI

CONCLUSIONS

The work has shown that ash production in the
flame reactors should be reduced by ensuring that

1. The temperature is kept at or above 425°C.

2. The fluorine partial pressure is kept as high
as possible.

3. The U P 4 is pulverized.

4. AOI and 1/O2F2 contents are minimized.
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FIGURE 8: TIME REQUIRED FOR FULL FLUORINATION
VERSUS Z UO2F2

Apparently due to che very slow fluorinations of
UOT and UO2F2, the time required to fully fluorinate
the samples increased with the amount of impurity in
the sample. High amounts of AOI and/or UO2F7 in
production are thus believed to be partly responsible
for ash production.
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MODELLING OF BLAST HAVE PROPAGATION
THROUGH THE DARLINGTON NGS POWERHOUSE

IN THE EVENT OF A NBARB? ACCIDENTAL EXPLOSION

R.C.L. WONG, R. HONTEFORTE, J. SHEARS

Ontario Hydro, 700 University Avenue, Toronto, Ontario

J.J. GOTTLIEB

University of Toronto Institute for Aerospace Studies
492S Dufferin Street, Downsview, Ontario

ABSTRACT

The propagation of a blast wave Inside the
Darlington Nuclear Generating Station (NGS)
powerhouse following an accidental explosion at a
nearby railway line has been studied numerically
using two different computer codes.
Pressurization of the building interior at various
locations in the powerhouse are computed with an
Ontario Hydro in-house finite-difference
containment code called PATRIC, and in one
benchmark case with an Institute for Aerospace
Studies code based on the random-choice Method,
both of which solve unsteady one-dimensional flow
problems. Some pertinent results of both codes
are presented, and they are also shown to be in
good agreement.

NOMENCLATURE

A Flow area
E Total fluid energy per unit volume
f Friction factor
g Gravitational acceleration
h Specific enthalpy
I Flow inertia at link k
m Mass in a control volume
nu Mass generation rate per unit volume
H Mach number
P Pressure
q Heat generation rate per unit volume
S Sign, depends on direction of flow
t Time
u Velocity
w Rate of work output of the fluid per unit

volume
tf Mass flow rate
z Elevation coordinate
p Density

Subscripts

a Air
D Donor node
i,j Node
k Link
H Mixture
t Total
1 Upstream of area change
2 Downstream of area change

INTRODUCTION

The Darlington NGS powerhouse, presently being
constructed by Ontario Hydro, is located
approximately 500 meters away from the Canadian
National Railway (CNR) tracks. Since trains may
transport explosive materials, the remote
possibility of an accidental explosion at the rail
line must be considered in the powerhouse design.
Based on the Nuclear Safety Design Guide
(Reference 1), a maximum yield equivalent to
61,500 kg of trinitrotoluene (TNT) has been
considered for the explosives In this study. To
ensure a safe shut down of the reactor units, the
main control room structure and essential Group II
equipment and systems have been specified to be
capable of withstanding the blast-wave loading
from such explosion at the railway line (see
Reference 1).

Previous Ontario Hydro work (References 2 and
3) analyzed the pressure loading from the blast
wave on the outside of the powerhouse and also on
the blast wall Installed at column line 11 In the
Reactor Auxiliary Bay (RAB) and the Central
Service Area (CSA). However, it did not evaluate
the effects of the blast-wave propagation inside
the building. The primary goal of this work is to
evaluate the transient pressurization of the
building interior, particularly the main control
room and the area containing Group II Systems
south of column line 11 in the RAB and CSA.

MODELLING DETAILS

Geometrical Modelling

An Illustration of Darlington NGS is shown in
Figure 1, in which a spherical blast-wave front is
depicted prior to its interaction with the
powerhouse, and the diffraction of the blast wave
over and into the building is sketched In
Figure 2. A side view of the powerhouse in
Figure 3 illustrates the possible paths for the
propagation of the blast wave inside the building.

The powerhouse Is equipped with blow-out panels
Installed as exterior metal siding on its north
and south walls. A sketch of a typical blow-out
panel is presented in Figure 4, including the
sandwich type cross-section. The purpose of these
panels is to minimize the overpressure inside the
powerhouse in the event of a steam pipe rupture,
in which case they would be blown outwards.
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FIGURE 1
Illustration of the Darlington Generating Station, Showing
an Incident Blast-Wave Front from a Hypothetical Explosion
at the Canadian National Railroad Tracks (Not Shown Here).
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-
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\
\

Btow-Out Panels \

FIGURE 2
Illustration of a Blast Watt Interaction with the Darlington

Generating Station Powerhouse, Depicting the Incident Wave
and Reflected Waves Outside the Powerhouse, As Well As the

Wave Inside the Building Which Entered Through the Blow-Out
Panel Openings

When the blast-wave front hits the north face
of the blow-out panels, the blast pressure exerted
on the panels causes then to deform inwards. The
top and bottom ends of the panels pop out of their
support channels and then bend inwards. The
center part, which is hinged to the I-beam support
(Figure 4). remains stationary. Although the
bending Is initially elastic It soon becomes
plastic as the panels deform severely over the
I-beam support.

The opening characteristics of the blow-out
panels determine the shape and amplitude of the
blast wave that enters the powerhouse. In this
study, the deformation and notion of the panels
are assumed as follows: collapsing of the
sandwich cross-section, initial elastic bending
like a cantilever bean, and finally plastic
bending about the center hinge. The estimated
flow area for the blast wave entering the
powerhouse versus time Is shown in figure 3.
Details of the analysis can be found in
Reference 4.

Once the blast wave diffracts into the
powerhouse, two one-dimensional propagation paths
are considered for this blast wave, as shown in
Figure 3. Each of these paths has a flow area
that changes with distance and contains flow
obstacles such as equipment and Internal
structures (e.g., closed rooms). A schematic
diagram of the two flow paths, with their
corresponding flow areas, is given in Figure 6.
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One important aspect of the design of the
Darlington NGS powerhouse is the installation of a
400 millimeter thick reinforced concrete blast
wall (Figure 3). which physically separates the
Reactor Auxiliary Bay and the Turbine Auxiliary
Bay. The purpose of the blast wall is to protect
the essential safety-related equipment in the RAB
in the event of an accidental explosion in a CNR
train. However, this blast wall is not entirely
solid; it contains a number of openings for doors,
cable trays and ventilation ducting. These
openings, which are modelled as a single port,
provide flow paths for further propagation of the
blast wave, assuming that this blast-wall remains
intact during the explosion.

Component : k* P. V

The summation is over all connecting links to
the control volume. with appropriate signs
attached for inflow and outflow.

B) ENERGY

dEM E

C) MOMENTUM

Opsmngt in ths Blait Wail
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Schematic Oiagram of tha Two Flow Paths Used in

the Mathematical Models. The Illustrated Width of the
Flow Paths is Directly Proportional to trie Actual Flow Areas
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Mathematical Modelling

PATRIC (Reference 5) Is a semi-implicit
finite-difference computer program for simulating
the thermal hydraulic response of a containment
system. The containment network of ducts to be
analyzed is subdivided into a series of control
volumes called nodes. These nodes have the
capability of mass and energy storage and are
interconnected to adjacent nodes by hypothetical
conduits called links. The mass and energy
conservation equations are integrated over each
nodal control volume, and the momentum
conservation equation is integrated between
adjacent node centers. For a generalized
connection, as shown in Figure 7, the results of
the integration are given below.

K- •H

A) MASS

FIGURE 7
Schematic Oiagram of the Link-Node Setting in PATRIC
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The conservation equations are written for each
node. The resulting set of simultaneous equations
representing the entire network is first
linearized and then advanced for a small time
increment by an implicit technique. After solving
the conservation equations the Junction flow rate
Wk and the values %, ma and E are known for
each node. The equation of state is used to
determine the rest of the thermodynamic properties.

A second computer code was employed for
simulating the propagation of the blast wave along
the upper path (see Figure 3) inside the
powerhouse. This was done for comparison purposes
or as a benchmark. This code, based on the
random-choice method (RCH), described in
Reference 4, solves the one-dimensional partial
differential equations of motion (mass, momentum
and energy) with an equation of state for perfect
gas, but includes area changes, head losses,
friction, and heat transfer. Although the RCH
code is capable of solving shock-tube problems
with simple geometries, it could not be applied
directly to the powerhouse problem because of the
complicated flow path involved.

Boundarv Conditions

To determine the characteristics of the
Incident blast-wave arriving at the powerhouse,
the methodology described in References 4 and 6
was employed. The pressure transient of the
incident blast-wave, shown in Figure 8, was used
to represent the free field blast-wave in the
vicinity of the powerhouse. The peak overpressure
of 11.5 kPa and the shock duration of
200 milliseconds were derived based on a quantity
of 61,500 kg of TNT exploding 495 meter away from
the powerhouse. The propagation speed of the weak
shock. Is approximately 345 meter per second in
the vicinity of the powerhouse.
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FIGURES
Overpressure Transient of the Incident Blast-Wave

In this study, the initial conditions (e.g.,
pressure, flow velocity and density) were
specified in the form of temporal distributions at
a fixed distance ahead of the powerhouse. The
location in the model, at which the temporal
distribution is Inserted (that Is the source
location), is the northern boundary of the
computed flow field, sufficiently far upstream of
any area change to prevent reflected waves from
arriving at this source location during the time
that the boundary conditions are being specified.

To estimate the pressure transient on the
outside of the south wall of the powerhouse (see
Figure 9). shock-wave-loading data from simple
experimental models placed in shock tubes, were
employed (see References 7 and 8). The
overpressure at the center of the south wall is
lower than the overpressure at a similar radial
distance from the blast source since the Incident
wave must propagate down the south wall to the
center. This delays the start of the overpressure
at the center of the south wall by approximately
70 milliseconds.

0.0 0.1 0.3 0.3 0.4 0.5 06
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FIGURES
Overpressure Transient Outside the South Wall

RESULTS AND DISCUSSIONS

Blast-Wave Overpressure Inside the Powerhouse as
Predicted by PATRIC

The PATRIC predicted pressure histories for the
non-stationary blast-wave flow inside the
Darlington NGS powerhouse are given in Figure 10.
The pressure transients In the eight selected
locations (the location numbers are labelled in
Figure 3) give an overview of the magnitude and
duration of the pressure loading. Time zero is
taken to be the time at which the Incident blast
wave, having a form shown In Figure 8, reaches a
point 70 meters upstream of the blow-out panels of
the powerhouse. The propagation of the blast-wave
is followed for a period of 0.9 seconds. This is
approximately the time required for the shock wave
to travel twice the length of the modelled control
volume.

After the blast-wave breaks open the blow-out
panels and enters the turbine hall, the shock-wave
pressure transient predicted is shown In
Figure 10a. In the turbine hail the peak
overpressure of the shock Is 6.9 kPa, which Is
much lower than the peak overpressure of the
incident shock (11.5 kPa). The shock-wave peak
pressure is diminished due to part of the shock
being reflected when It hits the blow-out panel.
Host of the reflection takes place in the first
10 milliseconds when the panels are starting to
collapse and a flow area to the powerhouse
Interior has not yet been established.

As the shock propagates through the turbine
hall, there is little change In the shock
characteristics until it encounters an area change
as It enters the Turbine Auxiliary Bay. When the
shock passes through the contraction, some of the
wave is reflected, and the progressing shock is
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FIGURE 10
Overpressure Transients at Various Locations in the Powerhouse

strengthened as it propagates through the smaller
area downstream of the area change. The reflected
wave can be identified in Figure 10a at a time of
about 0.45 seconds.

As the shock reaches the reactivity mechanisms
deck area, location 3 in Figure 3, the flow area
Is only 27% of the flow area in the turbine hall.
The peak overpressure resulting from the series of
area reductions increases from 6.9 kPa to 11.1 kPa
(see Figure 10c). The duration of this shock
wave. propagating through the reactivity
mechanisms deck area, is much shorter than the
incident shock wave. As the shock wave propagates
through the reactivity mechanisms deck area and
reaches the blow-out panels on the south wall,
same of the pressure wave is reflected back. The
reflected wave from the blow-out panels in the
south wall can be clearly identified in Figure 10c
at the time of 0.63 seconds. This reflected wave
has a sharp front and a very short duration.
Again this is due to the characteristics of the
blow-out panels in the south wall which reflect
the entire incoming shock for the first
10 milliseconds before they open. After the
panels start to open, the reflected portion
diminishes.

The predicted highest peak overpressure occurs
in the south end of the Reactor Auxiliary Bay.
close to the south blow-out panels. The predicted
overpressure there is 13.3 kPa, as shown in
Figure lOd. This peak overpressure results from
the doubling effect of the incoming wave moving
south and the reflected wave travelling north.
The duration of this peak overpressure Is very
short; however, the consequences of this
overpressure spike on the Group II systems,
equipment and structures may be Important and they
are currently being assessed.

Overpressure transients for locations 5, 6 and
7 shown in Figure 3, where some of the essential
safety-related equipment are located, are also
Included In Figure 10. The overpressure
characteristics are graphically different from the
incident shock wave because the shock enters these
confined regions through the hoistway opening, a
relatively small opening in the floor, and the
pressure rise and pressure drop is relatively slow.

The overpressure transient for location 8
(Figure 3), which is upstream of the blast wall in
the lower path, is shown in Figure lOd. Again,
the high peak overpressure of 12.8 kPa is due to
the doubling effect of the incoming wave from the
turbine hall coinciding with the reflected wave
from the blast wall. The shock penetrating
through the blast wall has a peak overpressure of
2.5 kPa. Eventually, the shock propagates along
the lower path, encounters the shock from the
upper path, and leaves the powerhouse through the
south wall.

Another important aspect of this study is the
evaluation of the net pressure loading on the roof
structure while shocks of different strengths are
propagating along both the outside and the inside
of the roof. The pressure-loading information
provides a starting point for -letermining
direction and magnitude of loading on the roof due
to the shock waves travelling around and through
the powerhouse. The net pressure loadings shown
in Figure 11 represent the pressure differences
across the root.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Note that * P indicates the higher pressure is outside the powerhouse:
- P indicates the higher pressure is inside the powerhouse

FIGURE 11
Overpressure Transients Across the Roof and Walls of the Powerhouse
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calculated by subtracting the Inside pressure
histories at roof locations 1, 2 and 3 from the
outside free-field pressure transient. Due to the
delayed opening of the north blow-out panels, the
shock travelling along the outside of the roof, is
about 10 milliseconds ahead of the shock inside
the powerhouse, resulting in a net inwards loading
of the roof.

PATRIC uses a blow-out panel opening time delay of
10 milliseconds and a total opening time of
75 milliseconds, as shown in Figure 5: where as
the RCM code uses a panel opening time of
100 milliseconds with no opening time delay. This
is a small difference. Also, only the upper path
shown in Figure 3 is considered in the RCM code,
because duct junctions cannot be modelled with the
RCM.

Comparison of Results from PATRIC and RCM Codes

The results from PATRIC are compared with the
RCM code (Reference 4). using basically the same
geometric model. One modelling difference is that
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PATRIC
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FIGURE 12
Temporal Ouerpressure Distribution

for the Blast-Wave Flow Field Inside of the Powerhouse

The overpressure history at locations 1, 2, 3
and 4 shown in Figure 3 are plotted in Figure 12.
Comparing Figures 12a. I2b, 12c and 12d with
Figures 10a, 10b. 10c and lOd, respectively, it
can be seen that the general overpressure patterns
are In good agreement. The peak overpressures in
Figure 12 are generally higher than the ones shown
In Figure 10. This can be explained as follows:
first, the RCM results do not Include the delaying
effect of the north blow-out panels not opening
until after 10 milliseconds: second, the RCM
technique does not contain numerical diffusion as
PATRIC does. Hence. PATRIC's predictions result
In some smearing of the shock front and some
lowering of the peak overpressure.
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FIGURE !3
Pressure Differences Across the Roof and Walls of the Powerhouse
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The pressure loading results from the RCH are
shown In Figure 13. By comparing Figures 13a. 13b
and 13c with Figures lla, lib and lie, It can be
seen again that the predictions from the two
different codes are in good agreement for this
simplified problem. Hence, this provides
confidence in the applicability of PATRIC to the
more complicated powerhouse problem.

CONCLUSION

A mathematical model for simulating the
propagation of a blast wave inside the
Darlington NGS powerhouse has been presented, and
overpressure transients in various parts of the
powerhouse are shown. Results from this study are
being used as guidelines to investigate the
integrity and functioning of the essential
Group II equipment and structures, under the
conditions outlined above.

A Comparison was made of the results from the
containment code PATRIC with those from the RCH
code, which was specifically developed for shock
wave propagation in ducts. The predictions from
the two different codes are in good agreement.
Therefore, It is now confirmed that PATRIC. which
was originally developed to simulate thj pressure
and temperature responses in containment, is also
capable of simulating the propagation of shock
waves In conduits or ducts.
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MODELLING OF FULL-SCALE PRESSURE TUBE RUPTURE EXPERIMENTS

A.P. HUZUMDAR, H. KWEB and J.K. PRESLEY

Nuclear Studies and Safety Department
Ontario Hydro, 700 university Avenue. Toronto. Ontario. M5G 1X6

ABSTRACT

The paper describes an Integrated model,
developed at Ontario Hydro, to provide a physical
basis for the transient phenomena that occur
following pressure tube rupture in a CANDU fuel
channel. The model predictions are compared to
fundamental results obtained from the first two
tests in the Full-Scale pressure Tube Rupture
Program being carried out at Westinghouse Canada,
Inc. under CANDEV funding.

The model shows that the degree of coolant
subcoollng Is a dominant parameter affecting the
annulus pressure transient, and that there is a
feedback effect of calandrla tube strain. These
effects are observed In the experiments.

Measurements of the peak annulus pressure and
calandria tube permanent hoop strain obtained from
the first two tests compare favourably with the
model predictions. Other measured parameters,
such as annulus pressurizatlon and bellows rupture
times are well predicted. Potential areas In
which the modal can be improved are discussed.

INTRODUCTION

Following the G1S Pressure Tube rupture
incident at the Pickering Unit 2 reactor on
August 1. 1983, work accelerated on a full-scale
experimental program to determine the transient
pressures and impact forces to which the calandria
tube is subjected following fast fracture of a
pressure tube. The Full-scale Pressure Tube
Rupture Program is being carried out at
Westinghouse Canada Limited under CANDEV funding.
The basic objective of the program is to provide
data which will be used to assess the margin to
calandria tube failure over a broad range of
pressure tube metallurgical properties and heat
transport system thermal-hydraulic conditions.
This assessment requires the development and
verification of an Integrated model to predict the
consequences of pressure tube failure in an
operating reactor. The present paper Is a
progress report describing the integrated model
that has been developed at Ontario Hydro. Some
major results of the model are compared against
the experimental data from the first two tests of
the pressure tube rupture program.

CANDU Fuel Channel

The CANDU reactor employs a large number of
horizontal fuel channel assemblies, each

surrounded by heavy water moderator within the
calandria vessel. The fuel channel assembly
provides the pressure boundary between the high
pressure heat transport system and the Jaw
pressure moderator system. Each assembly is
supported at Its ends by the calandria/shleld tank
structure. A typical CANDU fuel channel
(Figure 1) consists of a Zr-2.5% Nb alloy pressure
tube (about 10 cm inside diameter) which contains
a string of up to thirteen fuel bundles through
which passes the heavy water coolant. The
pressure tube is rolled at each end into the hub
of a stainless steel end-fitting, which in turn is
connected via grayloc couplings to feeder pipes.
Each such assembly goes through a passage created
by the reactor end-shield lattice tubes and a
calandria tube. The assembly Is supported in the
lattice tube by a sliding journal/bearing
arrangement, and in the calandria tube by annular
spacers (garter springs).

The calandria tube separates the pressure tube
from the liquid moderator, and is rigidly attached
to the calandria vessel tube sheet. The annular
space between the fuel channel, the calandria
tube, and the end shield lattice tubes, is filled
with dry CO2 gas and sealed by the channel
annulus bellows. The latter Is attached to the
end-fitting hub and the reactor end-face, thus
permitting relative axial movement to accommodate
thermal expansion, irradiation growth and creep of
the pressure tube. A small diameter tube
(pigtail) welded to the bellows ferrule connects
the annular space to the Gas Annulus System, which
circulates the dry CO2 gas and monitors the
moisture content. This system provides warning of
leaks from either the fuel channel, calandria tube
or lattice tubes.

Experimental Program

The CANDbV Pressure Tube Rupture Program is
aimed at quantifying the transient phenomena that
occur following unstable crack propagation in the
pressure tube. Test conditions are being varied
to study the effects of such variables as pressure
tube toughness, coolant subcoollng, calandria tube
strength and ductility, and fuel channel Inventory.

The program Is being conducted in two phases.
The Phase 1 tests are aimed at determining the
pressure transient in the annulus using
progressively softer simulated calandria tubes and
pressure tubes of progressively lower fracture
toughness. Thus, the basic purpose of Phase 1 is
not to rupture calandria tubes, but to proceed In
a step-by-step manner to determine the conditions
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FIGURE 1: Bruce NGSA Fuel Channel Assembly in End Shield

to which real calandria cube would be subjected.
Phase 2 of the program will use prototypic
Zircaloy-2 calandria tube and progress to more
severe test conditions.

The Westinghouse experimental rig consists of
an exact full-scale simulation of a Bruce-type
fuel channel, in which particular attention has
been paid to a complete simulation of the annular
gas space in the channel assembly. The channel is
connected via inlet and outlet feeder pipes to a
large pressure tank capable of maintaining
pressure for several seconds following rupture.
The predefected pressure tube <PT) is designed to
fail at approximately 10 MPa and 290°C within
its calandria tube (CT). Following failure,
discharge of water occurs through the end-fitting
bearings, and eventually through the bellows which
ruptures thereafter. The discharged coolant also
transfers heat through the CT to the moderator
water. The rig is instrumented to monitor loop
pressures, temperatures, and flow rates. The fuel
channel Itself is extensively Instrumented to
measure PT crack velocity, annulus pressure and
temperature transients, and CT deflection and
strain. The experimental rig has, in large part,
been Instrumented to verify the results of model
Predictions with experimental data.

Overview of Transient Phenomena Following Rupture

Immediately following PT rupture, the pressure
in the region of the failure drops to
approximately the local fluid saturation pressure,
while that in the pressure tank remains constant.
The PT/CT annulus, initially at close r.o

atmospheric pressure, and effectively restricted
at the end-fitting bearings, acts as a reservoir
which rapidly fills with the discharged water. A
time period typically of several hundred
milliseconds is required for the annulus to become
filled and pressurized, during which flows from
both feeders accelerate towards the break. Once
the annulus fills, rapid void collapse occurs, and
the system becomes solid again. At this point in
time, the net flowrate into the annulus quickly
reduces to match the outflow through the
end-fitting bearings.

The momentum and energy changes associated with
this highly rapid process translate into a
transient pressurlzation of the fluid, combined
with the elastic strain of the system components.
Depending upon the fluid temperature and pressure,
i.e., subcoollng, an overpressure may be obtained
in the annulus. If the yield stress of the
calandria tube Is exceeded In the hoop direction,
the excess energy appears as a permanent plastic
hoop strain. This, in turn, acts to attenuate the
peak pressure obtained in the annulus. Thus, the
ability of the calandria tube to withstand the
pressure transient depends primarily on Its
stress-strain properties under dynamic loading
conditions, and the feedback effects of strain on
annulus pressurization.

Outline of Paper

This paper describes the integrated model that
has been developed at Ontario Hydro to provide a
physical basis for the above phenomena. Results
of this model are shown for the test conditions



corresponding to the first two experiments in the
Phase 1 program. The first test was performed at
a relatively high Initial subcooling (=32°C)
whereas the second test was performed at a lower
subcooling (=4°C) to determine the effect of
subcooling on the pressure transient in the
annulus. Both tests employed a relatively thick
stainless steel simulated calandria tube designed
to yield at an internal pressure of about 22 HPa.
The major trends and results of the model
predictions, i.e., pressure transients and
calandria tube hoop strain, are compared against
the experimental data.

MODELLING CONSIDERATIONS

As discussed in the Introduction, the physical
consequences associated with a pressure tube
rupture depend on the thermal-hydraulic boundary
conditions, the gas annulus geometry and the
calandria tube structural response.

The thermal-hydraulic response of the fuel
channel and annulus system was modelled using the
computer code SOPHTC1]. since the code at present
does not account for any piping structural
deformation, a simplified post analysis structural
feedback model was applied to predict the
resultant pressure loading and calandria tube
strain.

SOPHT Modelling of Experiments

SOPOT (Simulation of PHWR Heat Transport), is a
one dimensional equilibrium thermal-hydraulic
digital computer code developed by Ontario Hydro
for reactor, boiler and heat transport system
simulation. The code is capable of simulating
complex steady state and transient hydraulic
network systems. The flow network is represented
in SOPHT by nodes and links, and the associated
conservation equations (mass, momentum and energy)
are solved implicitly using a stable numerical
integration method known as the Prosching
technique.

The Westinghouse rig consists basically of a
large pressure tank connected to a full-scale
Bruce A fuel channel and end-fittings via a single
pipe (6-inch diameter) teed off to the inlet and
outlet feeders. The pressure tank is capable of
sustaining constant pressure and temperature over
several seconds, and the piping flow resistances
are comparable to those of reactor inlet and
outlet feeders. The fuel channel contains
unheated, unirradiated real 37-element fuel
bundles. Flow in the channel is initially
stagnant prior to rupture of the pressure tube.

The SOPHT nodallzation of the Westinghouse rig
is shown in Figure 2. The PT break was modelled
by a series of valve links to represent the crack
length. The propagation of the crack was
simulated by opening the valve links at different
times corresponding to the measured crack velocity
in the pressure tube. The discharge flow area
associated with each break valve was based on
experimental measurements. A local loss
coefficient appropriate to cross-flow through a
bundle was applied at the break.

FIGUK 3 : Liiftic »Mtmr

The relatively small flow path through the
bearing clearance was represented by a valve link
of equivalent flow area, to ensure that critical
flow calculations would be performed whenever the
flow becomes choked.

The bellows volume is modelled by a large nodal
volume connected to a discharge valve. The
rupture of the bellows was simulated by opening
the discharge valve at a time when the bellow
pressure reaches about 7 MPa obtained from the
experiment.

The PT/CT annulus is assumed to be initially
filled with steam, rather than N2 as per the
experiment. This is due to the present limitation
of SOPHT with regard to the modelling of
non-condensible gas. The effect of the N2
filler gas on the peak pressure reached in the
annulus has been estimated and is found to be
relatively small so long as the initial annulus
pressure is small (51 HPa).

Predicted Sequence of Events

Immediately following the break, the pressure
In the region of the failure drops to local fluid
saturation, and the initially stagnant fluid in
the feeders starts to flow into the channel. The
flow rate is determined by the pressure gradient
between the pressure tank and the break, the
appropriate flow resistances, and the break
discharge area. During the feeder flow
acceleration, the gas annulus rapidly fills with
two-phase mixture and increases in pressure. This
flow pattern continues until the annulus fills
completely, upon which void collapse occurs and
the system (channel and feeders) becomes totally
liquid. The inability of further fluid discharge
into the annulus forces the feeder fluid to be
retarded and manifests In a waterhammer-like
pressurlzatlon.

The magnitude of the waterhammer loading
depends among other parameters on the initial
feeder flow acceleration, i.e., pressure
difference between the pressure tank and break
area local saturation pressure (initial
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subcoollng) and the bulk modulus ( l£ ) of the
liquid which increases with subcoollng
(Figure 3). Hence, the initial liquid subcooling
is a major parameter that controls the pressure
pulse magnitude.

"?SOPHT (3)

If the stress-strain properties of the piping
material are known, ther the volumetric change can
be calculated and, therefore, a more realistic
pressure rise can be calculated. The relative
volume change can be related to the hoop strain by:

(4)

and the hoop strain for a thin walled cylinder
under plain strain loading is given by

do '

Noting that the hoop stress is given by

Pr
= v a i

The pressure pulse causes the calandrla tube to
strain, resulting in temporal flow area and
density changes. The net effect would be to cause
a reduction in pressure wave propagation
velocity. Since a waterhamner pulse decreases
with decreasing pressure wave velocity, calandrla
tube strain would implicitly reduce the magnitude
of the pressure pulse. Hence, the attenuation of
the pressure pulse depends largely on the
deformabillty of the CT. in particular in the
plastic regime. The SOPHT model does not
presently Include the strain feedback effect in an
implicit manner. The feedback calculation is
performed explicitly by adjusting the pressure
transient calculated by SOPHT as discussed below.

Calandria Tube Strain Feedback Effect

The pressure pulse in the SOPHT calculations is
due to a net excess of liquid mass entering the
nodal volume representing the annuius. The
adlabatic pressure rise is given by

= r «P

and substituting the pressure rise in terms of
density into eqn 5 the strain is expressed as

Therefore, the actual pressure u.a is related
to the predicted value as follows:

5P = 5PSOPHT " 2° (3)

5P
'•So-'

(1)

The change in density is generally obtained
from the change in the nodal mass and nodal volume

CM

Since In SOPHT the nodal element does not
strain (rigid pipe assumption) the adlabatlc
pressure rise is given only by the nodal mass
change

'SOPHT

W O
da
de

In order to compare the measured and predicted
pressures and strains in the experiments, the
calandrla tube tensile properties need to be known
accurately. For this purpose, stress-strain
properties of the stainless steel calandria tube
used In the tests were measured through the
elastic and plastic regimes. These properties
were measured at Ontario Hydro Research at various
strain rates and temperatures. The stress-strain
characteristics are expressed in the following
form [2].
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TEST #1 i 11.6MPa 290C
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FIGURE 4 : Pressure Transient From Ini t ia l Simulation of Test 1

TEST #\ i 11.6MPa 290C
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FIGURE 5 : Pressure Transients for Test 1 - Test Measurements and Seocnd
Simulation Results ( An-"'lus Flow Area Seduction 10 x Ncminal )
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(376 - 0.41 T) 0.0015

ay
r-2-]

(9)

(10)

The yield stress 0y can be obtained as a
function of temperature and strain rate from
equation (9). Substitution of <jy Into equation
(10) then provides the complete stress-strain
relationship for the elastic and plastic region.
Differentiating equation (10) yields dff/de which
is substituted into equation (8) to solve for
<5p. The resulting corrected pressure is obtained
by following this procedure over incremental steps.

MODEL PREDICTIONS AND COMPARISON
WITH EXPERIMENTAL RESULTS

Simulations of the first two tests In the
Pull-Scale pressure Tube Rupture Program using the
medal described in the previous section are
discussed here. The first test was conducted with
water at 11.6 MPa and 290°C. Thus, the liquid
was subcooled by approximately 32°C. The
resulting crack in the pressure tube was about
2.5 m long. The second test was carried out with
water at 9.2 MPa and 301°C. i.e.. approximately
4°C of subcooling. The crack in the pressure
tube In the second test was 0.6 m in length.

Test 1

Figure 4 shows some of the predicted pressure
transients In che channel, annulus and bellows
obtained in the initial simulation of Test 1. In
this simulation, the 2.5 m crack was modelled by
opening break valves 47 through 51 (Figure 2) over
a period of about 30 milliseconds. As Figure 4
illustrates. In this simulation the channel
quickly depressurlzes to the saturation pressure
of 7.5 MPa while the annulus pressure rises to the
same pressure somewhat later at about 100 ms. At
approximately 280 ms a large Increase in pressure
to about 22 to 24 MPa is predicted. It is seen
that the bellows pressure increases significantly
slower than the annulus pressure until rupture
occurs at about 300 ms.

The rate of pressurizatlon of the annulus
within the region of the rupture (i.e., within the
2.5 m crack length) in the Initial simulation was
found to be very similar to the corresponding rate
outside the region of the rupture. However, as
shown In Figure 5. the test measurements showed
that the rates of pressurlzation within the two
regions were significantly different in the first
100 ms, indicating a possible restriction of flow
between these two regions. It is postulated that
deformation of the pressure tube in the crack
region restricted the outflow of water in the
annulus at the ends of the crack. This effect was
modelled by reducing the annulus flow area Just at
the ends of the crack to simulate the constriction
of flow (orifice model).

Figure 5 shows the results of a second
simulation in which the annulus flow area at Che
ends of the opened break valves is reduced by a
factor of 10 to simulate this flow restriction.

It Is evident that the rate of pressurizatlon
outside the rupture region is delayed
significantly when the flow restriction model is
implemented.

Figure 6 illustrates the pressures calculated
when the annulus flow area at the ends of the
opened break valves Is reduced by a factor of 100
rather than a factor of 10 from the nominal
value. With this reduction it Is seen that the
annulus pressurizatlon outside the rupture region
is much slower than inside the rupture region,
remaining below saturation up to the simulation
time of 600 ms. Comparison of the annulus
pressurlzatlon rate in Figures 5 and 6 clearly
illustrate the trend of an increased delay of the
pressurizatlon outside the rupture region with an
increased constriction at the ends of the crack.

The peak pressure obtained In the simulations
of Test 1 (Figures 4 through 6) is in the range of
22 to 24 MPa over a time period of about
60 milliseconds. The test measurements indicated
a peak pressure above 18 MPa occurring between 250
to 320 ms depending on location in the annulus.
Direct measurements of the peak pressure reached
were not obtained due to the range of the
instrumentation being exceeded above 18 MPa. The
simulation also predicts a series of subsequent
smaller pressure pulses following the initial
overpressure (Figure 5). This is representative
of a "waterhamer" type phenomenon discussed
previously. The test measurements did not exhibit
this trend, possibly due to the instrumentation
range being exceeded, or damping effects being
unaccounted for in the model.

The calculated flow transients for the second
simulation of Test 1 are shown in Figure 7. it is
seen that the inlet feeder flow Increases rapidly
to a peak value of approximately 45 kg/s in 140 ms
and reverses during the initial overpressure. The
corresponding flow in the outlet feeder also
reaches a peak value close to 45 kg/s. The slight
difference in flows between the outlet and inlet
feeders is due to the asymmetric location of the
2.5 m crack in the pressure tube (toward the Inlet
end). Thereafter, the predicted flow oscillates
as it follows the pressure transient.

A calculation of the feedback effect of
calandrla tube strain was performed using the
methodology discussed previously. The results
show that at SOPHT predicted pressures between 22
to 24 MPa, the calandria tube would be expected to
exhibit a permanent strain between 0.07 to
0.19 percent. The corrected peak pressure as a
result of this strain would be in the range of
20.8 to 21.5 MPa. These results are in good
agreement with the post-test measurements from
Test 1. which Indicated that there was a small
permanent hoop strain on the calandrla tube of
about 0.11 percent. Considering the measurement
error associated with strains of such small
magnitude, the results of the model are a good
indication that the calandrla tube was slightly
above yield.

Test 2

Figure 8 shows the predicted pressure
transients in the channel, annulus and bellows for
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the second rupture test. Because of the reduced
fluid subcooling in this test, the peak pressure
observed was expected to be less than In the first
test. The test measurements shown In Figure 8
indicated that the maximum pressure in the annulus
did not rise above the supply tank pressure of
9.2 HPa. The SOPHT simulation results (i.e.,
without any feedback effects included) predict a
peak pressure of about 12 HPa at about 750 ras.

If the feedback effect of calandria tube strain
on pressure is taken into account, the predicted
maximum pressure is about 11.5 HPa with a strain
of 0.05%. Note that no permanent hoop strain is
predicted since the maximum pressure is well below
the pressure required for yielding of the tube
(22 MPa). i.e., the strain feedback is entirely in
the elastic reglne. hence the small feedback
effect on pressure. This is in agreement with the
post-test measurements which indicated that there

TEST #1 t 11.6MPq 290C

Annulus Near Crack

Annulus Away From Crack

Bellows

0.08 0.12 a IS 0.24 0.30 0.38 0.42 0.48 0.54 0.80

FIGURE 6 : Pressure Transients From Third Simulation of Test 1

( Annulus Flow Area Reduction 100 x Nominal )

lESr 01 i FEEDER FLOT

• Inlet Feeder

was no permanent hoop strain on the calandria tube
in the second test. The predicted maximum
pressure is further reduced to 11 HPa If the
0.6 HPa of N2 gas, which was present in the
annulus at the time of rupture, is taken into
account. This pressure is still a little higher
than the observed maximum pressure of 9 HPa in the
annulus.

The channel and annulus pressure profiles at
various times in the simulation of Test 2 are
shown in Figures 9 and 10, respectively. These
figures provide a good illustration of the
predicted symmetric propagation of Che pressure
decrease/rise In the channei/annulus for the
second test.

A notable difference between the two tests is
that Test 2 did not exhibit any significant axial
variation in the rate of pressurization in the
annulus as did Test 1. This is attributed to the
much shorter crack length (0.6 m) In Test 2, which
resulted in little deformation of the pressure
tube, and hence, negligible restriction to flow
into the annulus at the ends of the crack.

OURE 7 : Feadcr Plow Transient* for sacond simulation of T«it 1
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TEST #2 i 9. 2MPa 301C

— — — — Test ffeasurenent
Simulation
Simulation With Feedback
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FIGURE 3 : Pressure Transients For Itest 2

CONCLUSIONS

The first two full-scale pressure tube rupture
tests performed at Vestlnghouse Canada Inc., have
been modelled at Ontario Hydro. The
thermal-hydraulic behaviour of the channel/feeder
system has been modelled using the SOPHT computer
code, while the dynamic behaviour of the calandria
tube has been determined using a fluid structure
interaction model.

The following conclusions are drawn:

(1) There is a large effect of coolant
subcoollng on the predicted pressure in
the annulus. The trend of increased
pressure with subcoollng Is in agreement
with Tests 1 and 2.

(2) The integrated model is well able to
predict the peak pressure inferred in
Test 1 (I.e., close to yield), and
slightly overestimates the pressure
observed in Test 2 which was well below
yield.

(3) The peak pressure In the annulus
decreases with Increasing calandria tube
strain, particularly in the plastic
regime. The model is well able to
explain the small permanent hoop strain
in Test 1. By including feedback
effects, the model comes close to
explaining the absence of overpressure
in Test 2.

(4) The model shows that flow restriction
Into the annulus at the ends of a
relatively long deformed crack results
in significantly different rates of
annulus pressurlzatlon within and
outside the immediate crack region
(Test 1). This effect was absent in
Test 2. where a short crack was obtained
resulting in fairly uniform annulus
pressurization.

(5) In general, the model provides a good
representation of the various
thermal-hydraulic and fluid-structure
interaction phenomena associated with
pressure tube rupture. The timing and
sequence of events (annulus refill,
bellows pressurlzatlon. annulus pressure
transient) are well predicted by the
model.

The pressure tube rupture experiments have
identified some potential areas for model
improvement;

Feedback Effect of Structural Strain. It is
apparent from the results for Test 2, that when
the predicted pressure Is well below yield, the
elastic strain of the calandria tube does not
significantly reduce the predicted (but not
observed) overpressure. Since calandria tub?
integrity is not jeopardized well below yield,
this shortcoming is not of great concern.
However, It does indicate that calandria tube
strain (and perhaps strain of other structural
piping) has a larger effect on reducing any
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TEST #2 i CHANNEL PRESSURE
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FIGURE 9 : Channel Pressure Profiles at Various Times for Test 2

Simulation

TEST #2 i ANNULUS PRESSURE
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FIGURE 10: Annulus Pressure Profiles at Various Times for Test 2

Simulation.
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transient overpressure than is presently accounted
for. It is anticipated that this modelling aspect
will be improved by means of an implicit rather
than explicit strain feedback model in SOPHT.

Modelling of Mon-Condensible Gas Present In the
Annulus. The measured pressure transient during
the initial annulus filling stage in Test 2 was
much slower than predicted using the model. It is
possible that the non-condensible gas has a larger
cushioning effect than Is currently modelled.
This is not expected to appreciably affect the
peak pressure once the annulus becomes solid, and
hence. Is of secondary importance. It Is planned
to Improve the modelling of multi-fluid mixtures
in the Integrated model.
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NOMENCLATURE

5 - incremental change

p - density [kg/m^]

P - pressure [kPa]

dp/dp - liquid bulk modulus

V - volume

- mass [i»3] ..

- hoop strain

- hoop stress [MPa]

ffy - yield stress [MPa]

v - Poisson's ratio

T - temperature [°C]

Eg - Young's modulus [MPa]

e - strain rate [1/s]

t - calandria tube thickness [m]

r - calandria tube radius [m]

Q
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ABSTRACT

Performing measurements in a power reactor by
means other than the built-in instrumentation is
at best difficult. The main obstacles are:

1. the difficulty of gaining access and

2. radiation effects on the sensors.

In support of Its analysis of fuel channel
Integrity during loss of coolant accidents,
Ontario Hydro has undertaken to measure moderator
temperatures in CANDU reactors. A technique has
been developed and applied successfully in two
different units. In the second test, the accuracy
was better than +1.4°C.

heavy materials with which the sensors were in
contact.

The experience in the first test led to
successful measurements in Bruce NGS A, Unit 3, in
the spring of 1981. The problem of radiation
heating was overcome by submerging the probe
directly in the fluid. A similar experiment
yielding even better data was performed in
Pickering NGS, Unit 5, in the winter of 1983 using
an improved probe design.

This paper describes the difficulties
associated with measuring moderator temperatures
in a CANDU reactor, the technique developed to
overcome them, and the two tests in which the
technique was used.

INTRODUCTION

It is postulated that, in the event- of a
large-break Loss of Coolant Accident (LOCA) in a
CANDU reactor, stagnation of the coolant may occur
in some fuel channels. Temperature excursions
would result and the pressure tubes might strain
under the residual pressure in the system and
contact their calandrla tubes. Some of the stored
and decay heat in the fuel channels would then be
conducted through the calandria tubes to the
moderator. Through analysis and experimentation,
Ontario Hydro has shown that fuel channel
integrity would be maintained; the moderator fluid
(heavy water) would be sufficiently subcooled to
prevent CHF from being exceeded for extended
periods of time at the outside surfaces of the
calandria tubes. This is a sufficient condition
to demonstrate that fuel channel integrity would
be maintained [1].

The availability of sufficient subcooling in
the moderator has been verified by means of
computer simulations of moderator circulation and
heat transfer under accident conditions. The
computer model has been verified by comparison
with several experiments, Including measurements
of actual moderator temperatures in two different
CANDU reactors.

The earliest version of the computer model was
implemented early in 1979. and in the summer of
that year, in-core measurements were proposed.
Taking advantage of an upcoming scheduled unit
shut-down (Bruce NGS A, Unit 2>, a simple probe
was quickly designed and built and inserted into
the reactor. Inside a spare horizontal flux
monitor tube. The tube was sealed, but the
moderator fluid circulated directly around it.
The test failed due to radiation heating of the

OBSTACLES TO IN-CORE MODERATOR
TEMPERATURE MEASUREMENT

There are two main difficulties in measuring
moderator temperatures inside a reactor. They are:

1. gaining access.

2. overcoming radiation
temperature sensors.

effects the

Gaining Access to the Moderator

The calandria is designed to prevent radiation
and radioactive materials from escaping. It is
consequently difficult to penetrate it safely.
However, during shutdown of a CSNDU reactor,
certain entry sites to the calandria vessel become
accessible. It was during a shutdown in October,
1979, that technicians were able to enter
containment at Bruce NGS A, Unit 2, and insert the
first moderator temperature probe. The Unit 3
probe was inserted during a shutdown In December,
1980. The probes in Picketing NGS, Unit 5, were
inserted before the reactor was commissioned. In
each case, the probes were to be left In place
until a subsequent shutdown.

Radiation Effects

There are three radiation effects that could
result in decalibration of the temperature
transducers. In order of importance, they are:

1. direct radiation heating.

2. transmutation.

3. induced e.m.f.
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Radiation heating is due primarily to
gamma-rays. In a power reactor, the intensity of
gamma-radiation is on the order of 100 million
rad/h and can induce heat generation in
thermocouple and RTD materials at a rate of about
5W per cubic centimeter. Some effect due to false
heating was anticipated in the tests. The most
pronounced effect was observed in the first test.
Type K thermocouples (mainly nickel) were used.
They were mounted on heavy phosphor-bronze springs
and they pressed against the inside surface of the
zlrcaloy flux detector tube. The readings were
very high. sometimes above the saturation
temperature of the moderator fluid. This was
attributed to the influence of the springs, which
were probably much hotter than the heavy water due
to gamma-heating.

Transmutation is a long tern effect. It is due
to the bombardment of nuclei by neutrons and can
change material properties In temperature sensors,
resulting in decalibration. No effect was
observed in the first test that could be
conclusively attributed to this.

Radiation exposure of the insulation material
:-•> a sheathed thermocouple can result in the
material becoming electrically conductive.
Consequent current flow between the leads and the
sheath could Induce an e.m.f. effect in the leads
that would distort the thermo-e.m.f. Large
induced-e.m.f. effects were not anticipated in the
tests, and no effect was observed in the first
test that could be conclusively attributed to them.

PROBE DESIGN

The control absorber was eliminated because
safety considerations attendant upon Its removal
prohibit the use of the boosters, and under
certain circumstances the unavailability of the
boosters could result in reactor poison-out and
consequent extended and expensive down time. As
the probe could not be removed until the next
shutdown, this represented an unacceptable
liability.

The SOR is a component of one of the reactor
Shut-Down Systems (SDS1). Its removal has safety
implications: impairment of SDS1 could lead to
inadequate shut-down capability in an emergency.
However, analysis showed that removal of the SOR
would reduce the reactivity worth of SDS1 by only
0.3 mk to -44.7 ink, which does not represent an
unacceptable impairment.

The Probe Assembly. The SOR is normally located
inside a thimble passing vertically through the
shield tank from the RH deck on top of the reactor
down to the calandrla vessel. The thimble Is
closed at the top by a cover and shield plug.
When SDS1 Is activated, the SOR is driven downward
and guided into the core by a perforated guide
tube. The perforations allow the moderator fluid
to circulate around the SOR, acting as a coolant.

The probe consisted of two adjuster guide tubes
welded together. An adjuster guide tube has a
smaller diameter than a SOR guide tube, and like a
SOR guide tube, is perforated. The probe was as
long as the SOR thimble and guide tube combined,
except for a shield plug attached at the top
(Figure 1).

This section describes the probe designs in the
second and third tests. They were similar in the
two cases, and the main difference from the first
test was that the sensors were In direct contact
with the moderator fluid and Isolated from other
components of the probe.

The Second Test - Bruce MGS A. Unit 3

Moderator Access Concept. About half a year after
the first test, planning was initiated to Insert a
new moderator temperature probe into a reactor at
Bruce NGS A. It was decided that the probe should
be in direct contact with the fluid.

In a CANDU reactor, direct access to the
moderator Is possible only through Reactivity
Mechanism (RM) penetrations. The viewing ports in
the Bruce NGS A reactor vessels were considered
first but ruled out due to being too far from the
regions of greatest Interest. Thus, in order to
get the best data for comparison with the
moderator code predictions, an RH unit had to be
removed.

Several different RM units were considered.
The choices were narrowed down to a control
absorber and a shut-off rod on the basis of the
data requirements and the desire to minimize the
safety and operational Impact. Ultimately the
shut-off rod (SOR) was chosen.

Shield Plug

4**

Shield Tank Water

Measuring Station
1

•Extension Leads

""Reactivity
-"Mechanism

Deck

L_Shiitoff Rod
Guide Tube

'•"sicCalandria Shell
A

'Perforations Begin

#Fuel Channels
o Measuring Stations

• U
3 • 1 1 1 * V

> W

# |^7-Perforat ions End

LocaforT u b e—^ - X ^ C a l a n d r i a Shell

FIGURE 1: SCHEMATIC DIAGRAM OF A PROBE IN SITU
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The sensor leads were strapped to the outside
of the probe, terminating at points below the
thimble, and passed through the cover plate via
swage-locks. At this point they emerged from
containment. Extension leads were attached
outside containment, connecting the probe to the
Data Acquisition System (DAS).

The sensor leads terminated at 15 evenly spaced
measuring stations along the probe. There were
three sensors at each station (Figure 2 ) :

1.

2.

3.

FIGURE 2: CLOSE-UP OF A MEASURING STATION

a 4 ran OD nickel bulb-type R T D .

a 2 mm 00 sheathed and grounded, special
grade type K (ChromeJ-Alumel) thermocouple,
and

a 1.6 mm OD sheathed and grounded,
grade type K thermocouple.

special

The RTOs were insulated from their sheaths, but
the thermocouple hot junctions were welded to
their sheaths. Thus, the measuring points of the
thermocouples were in much better thermal contact
with the moderator fluid than the RTDs. The
thermocouple material was not ordinary annealed
Chromel-Alumel. After being annealed, the leads
were subjected to another heat treatment designed
to mitigate potential decallbration due to
short-range ordering In the Chromel leads
("ordering" is a rearrangement of the atoms in the
alloy lattice: [2]). However, the thermocouple
extension leads (also special grade type K
thermocouple wires) were only annealed. This is
discussed again below. All three sensors were
isolated from the heavy probe material (zircaloy)
by means of an enlarged perforation at the
measuring station.

The Data Acquisition System. The data acquisition
system consisted of a scanner, a data-logger

Incorporating a programmable microprocessor and
small printer (Acurex Autodata Ten/10), a digital
cassette recorder (Columbia 300D), and a large,
fast printer (LA120). The datalogger could be
programmed to operate the scanner in various modes
and to convert the signals transmitted from the
scanner into temperature readings. The signals
were measured by means of an integrating digital
voltmeter, and thermocouple signals were augmented
by an electronic cold junction.

The sensors could be scanned individually or
collectively, and at discrete preprogrammed times
or continuously, that is at the maximum scan
rate. The maximum scan rate depended on the
resolution desired: 10 sensors per second foe
high resolution and 35 sensors per second for low
resolution (uncertainties are discussed below).

The Third Test - Pickering NGS, Unit 5

Moderator Access. Two probes were used in the
third test. The same criteria were applied in the
selection of the access sites as in the second
test. The RM penetrations chosen were a viewing
port (VP) and an SOR penetration.

As in the second test, removal of the SOR does
not impair SDS1 unacceptably.

Installation of a probe through the viewing
port has no safety or operational implications
other than the danger of it knocking against
calandria tubes. This danger was eliminated by
Installing an SOR guide tube first, which was
fixed in place by means of a locator already
attached to the calandria shell below the viewing
port. The probe Itself was not designed to use
the locator because of the danger of it becoming
stuck there.

The Probe Assembly• With the installation of an
SOR guide tube at the viewing port, the structures
of the two probe sites became identical, except
for their lengths (the viewing port site, being
farther from the center of the vessel, is shorter
than the SOR site), and were identical to the site
In the second test.

The probes were identical to the probe In the
second test, except for their lengths, the number
of measuring stations, and the number and types of
sensors. There were 13 measuring stations on the
SOR probe and 10 on the VP probe. There was only
one type of sensor, a 1.6 mm sheathed and
grounded, special grade type K thermocouple.
There were two at each station in case of
failures. They were not heat treated, as it was
established following the second test chat the
procedure was not worthwhile in this particular
application.

At Pickering NGS. the cover plates at the top
of the KM thimbles are Inside containment. Thus,
the sensor extension leads originated Inside
containment and had to pass through the
containment wall on their way to the scanner.

The Data Acquisition System. The DAS was
identical to that in the second test.



ERROR ANALYSIS

The Second Test

Measurements were performed under various
operating conditions. Figure 3 displays
measurements made during what at the time was
normal operation (reactor power = 88% of full
power). Of greater Importance in the error
analysis are the readings recorded during the
transient following an SDS1 trip of the reactor.
Figure 4 shows the resulting trends from all
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three sensors at the station nearest the center of
the vessel. In the region of greatest radiation
intensity.

Radiation effects on the readings were expected
to be significant. Significant effects were
observed, but only In the the RTD readings. At
88% of full power, RTD readings were much higher
than the thermocouple readings. If the effect was
due to radiation, then it would have disappeared
rapidly following a reactor trip, since reactor
power, and hence radiation intensity, falls off by
an order of magnitude in a few seconds. In
Figure 4. only the RTD readings drop sharply.
Evidently, radiation does not have a pronounced
short-term effect on the thermocouples. This
rules out radiation heating and Induced e.m.f. as
sources of error in the thermocouple readings.
However, the RTD readings should be discarded.
Figure 5 displays long term
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trends of the peak thermocouple and RTD readings
at 88% of full reactor power. The thermocouple
readings show no systematic changes, so long term
effects can be ruled out as sources of error.
However, the RTD readings drop by about 12°C.
This might be due to transmutation.

In the final analysis, considering only the
thermocouple readings, the principal source of
error was uncertainty in the thermocouple
calibrations. The uncertainty arose principally
from two factors:

1. The extension leads were not tested.

2. The extension leads were not heat-treated,
so there were discontinuities In the Seebeck
coefficients at the junctions between the
thermocouples and their extension leads.

The thermocouples themselves were tested.
Their calibrations had a small spread, less than
+0.1°C, but due to the heat treatment, they were
shifted upward by up to 1.5°C relative to the
NBS correlation for type K thermocouples. It was
necessary to assume the worst possible spread In
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the extension lead calibrations (+1.1°C for
temperatures below 100°C [2]). The MBS
correlation was applied to the extension leads and
a correlation based on the tests of the
thermocouples was applied to the thermocouples.
With knowledge of the range of temperatures at the
junction. It was then possible to eliminate a
systematic component of about Q.7°C in the total
error. A careful analysis yielded a total
uncertainty of i2°C (2 J ) when the DAS was in
the high resolution mode, and +2.3°C (2a ) for
the low resolution readings.

The Third Test

Because of the radiation effects. RTDs were not
used In the third test. The thermocouples were
not heat-treated. The heat treatment was
abandoned because It was learned that it was not
worthwhile in the range of temperatures in the
moderator. Moderator temperatures are never above
100°C. The heat treatment is valuable only In
environments hotter than about 200°C. where
short-range ordering of the Chromel lattice In
type K thermocouples is rapid and leads to
decalibratlon [2].

In the uncertainty analysis, calibration error
was the largest contribution to the total
uncertainty, because again the extension leads
were not tested and the worst possible uncertainty
(tl.l°C> had to be assumed. The total
uncertainty was calculated to be +1.4°C (2 a)
for the high resolution mode and +2.3°C for low
resolution.

The thermocouples themselves had been tested.
Their calibrations had a small spread, less than
0.2°C. and were shifted upward, in this case by
up to 1°C, which in principle could have been
partially eliminated, If the temperature range
along the extension leads had been known (it
wasn' t).
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CONCLUSIONS

It has been demonstrated that moderator
temperatures inside a CANDU reactor can be
measured accurately, despite the high levels of
radiation. Small type K thermocouples have been
shown to be Ideal for this purpose. They seem to
be unaffected by transmutation, and their small
size, and hence low thermal capacity, mitigates
distortion due to direct heating by radiation,
provided they are In good contact with the
moderator fluid. RTDs are not useful In this
application.

An error of less than il.4°C (2a) has been
achieved using essentially untested
thermocouples. However, it has been shown that
the thermocouples are capable of much better
accuracy, possibly as good as ±0.2 C° (2s), if
they and their extension leads are exhaustively
tested, and correlations based on the tests are
applied.
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ABSTRACT

During postulated loss-of-coolant accidents in
CANDU* reactors with impaired emergency cooling,
the pressure tube can become sufficiently hot to
deform and make contact with its calandria tube.
This paper describes a series of experiments
performed to investigate the high temperature
deformation of a pressure tube, its contact with
its surrounding calandria tube and the subsequent
heat transfer to a pool of water surrounding the
calandria tube. The pressure tube was carrying an
internal weight equivalent to that of the quantity
of fuel that it would contain in a reactor-
Experiments were performed at different heating
rates and internal pressures. The temperature of
the pressure tube at the time of contact Is com-
pared with values predicted using TRAN II and
C^EWSAG, computeT codes -aaed ta safety analyst*
to predict fuel-channel deformation.

INTRODUCTION

An important design feature of the CANDU-PHW
reactor Is that each horizontal fuel channel is
surroui ded by cool heavy-water moderator that can
act as a heat sink during postulated loss-of-
coolant accidents (LOCAe) with impaired emergency
cooling. Under these conditions, the heat genera-
ted In the fuel is transferred mainly by radiation
to the moderator. Because radiation is the
principal mode of heat transfer, high fuel and
pressure-tube temperatures are reached before
significant quantities of heat are transferred.

At these elevated temperatures, the pressure
tube my deform into contact with the surrounding
calaniria t.i>b«. L£ tt* i.M.e.ma.1 ?r.eaaure. uere
high, the principal deflection of the pressure
tube would be radially outwards (ballooning), and
contact would occur completely around the circum-
ference. If the Internal pressure were low, the
principal deflection would be downwards (sag) and

CANadian Deuterium Uranium

contact would occur in a strip along the bottom.
At intermediate pressure, both forms of deforma-
tion would occur; the sag and ballooning would
cause initial contact on the bottom, and then the
pressure would balloon the pressure tube into
contact around the complete circumference.

The initial contact between the hot pressure
tube and the cold calandria tube would result in a
"spike" in the heat flux to the moderator. The
magnitude of the spike would depend on the pres-
sure—tube temperature at contact and the contact
conductance between the pressure and calandria
tubes. The magnitude of the spike would determine
the boiling regime on the outer surface of the
calandria tube (either film boiling or nucleate
boiling) and, thus, the fuel-channel tempera-
tures.

Previous investigations of heat transfer from
the fuel channel to the moderator at high internal
pressure [1,2] showed that the occurrence of film
boiling on the calandria-tube surface could be
accurately predicted from pressure-tube heating
rates and the temperature of the surrounding
water. It also showed: (i) that film boiling
would be unlikely at the moderator subcoolings
expected in a CANDU-PHW reactor, (ii) that heat
transfer to the moderator would be sufficient to
remove the heat generated in the fuel channels,
and (iii) that the calandria tubes would not
deform.

Another series of experiments Investigating the
creep bending deformation of the pressure tube at
high temperature and atmospheric internal pressure
[3] showed that the sagging deflection of the
pressure tube was controlled by local deformation
of the pressure tube in the xegioTi oi the s»tt«i
springs. The garter springs are spacers used to
separate the pressure tube from the calandria tube
during normal operation. The experiments also
investigated the development of the contact area
between the pressure tube and the calandria tube
and the associated heat transfer. The results
showed that the contact patch was a long thin
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strip which covered only about 6% of the circum-
ference of the calandria tube. This means that
most of the heat transferred to the moderator was
transferred through the gas gap.

This paper describes a series of experiments
performed to Investigate the thermal-mechanical
behaviour of a fuel channel loaded by both pres-
sure and weight. The experiments covered a range
of pressures from 0.5 MPa to 4 MPa. The tempera-
ture of the pressure tube segment when It contacts
the surrounding calandria tube segment is compared
with temperatures predicted by the computer codes
TRAN II and CREEPSAG. The type of boiling
predicted to occur on the calandria tube surface
after contact, by the computer code WALLR, is
compared with that observed visually and by
thermocouples an the calandria tube surface.

EXPERIMENTS

A schematic diagram of the experimental appara-
tus is shown in Figure 1. The apparatus consisted
of a water tank enclosing a 3-m long calandria
tube containing a 3-m long pressure-tube segment.
The pressure-tube segment contained 26 electric
heaters around a ring of fire brick that enclosed
tungsten weights at the center. The weight per
unit length of the heaters, fire brick, and
tungsten weights equalled that of a 37-element
bundle. The pressure tube waa supported at each
end by rolled joints and was separated from the
calandria tube by two centered garter springs
1 metre apart.

the experiment. The water temperature was not
controlled after the experiment began and it slow-
ly increased after contact since the resistance to
heat transfer decreases when contact occurs.

Each experiment was recorded on video-tape and
still photographs. The temperature of the pres-
sure tube was measured by thermocouples Installed
in the tube wall from the inside, and the surface
temperature of the calandria tube was monitored by
thermocouples spot welded directly on it. The
type of boiling on the calandria tube was noted
visually and by the temperature of the surface of
the calandria tube. Film boiling left a very
distinct oxidized area on the surface.

The experiments performed are listed in
Table 1, which also lists the test conditions and
initial measured contact temperature of the
pressure tube for each experiment.

TABLE 1: EXPERIMENTAL CONDITIONS

Init ial

Cootact

Internal

PraMaura

2.0

2.0

2.4

4.0

5.6

2.2

4.6

4.5

700

7351

7601

750

7ZQ

770

800

710

0.5

i.a

1.0

J.J

4.0

0.7

o.v

Iii chls expcriMnt, Boat of ch* t h c n a

tub* did not uorti Coatact ccap*tacur<

chat wtrc ooc »t the point of contact.

CALANDfllA
'TUBE

PRESSURE
TUBE
.ELECTRICAL
HEATING
ELEMENTS

INSULATION

FIGURE I: SCHEMATIC OF APPARATUS

The experiments were started by heating the
surrounding water to the desired temperature,
Internally pressurizing the pressure tube with
helium, heating the pressure tube to 35O°C and
holding it at this temperature for LO minutes to
heat the Internal weights. The power to the
heaters was then increased in such a way as to
obtain a linear temperature ramp at the center
plane of the pressure tube prior to contact of the
calandrii. tube by the deforming pressure tube.
After contact the power was held constant at its
value at contact. The internal pressure was
manually controlled at the desired level during

Garter springs were used in all experiments
except experiment 1. In all experiments, first
contact between the pressure tube and the
calandria tube was made on the bottom at the axial
center. After contact, the portion of the pres-
sure tube not in contact continued to increase in
temperature, and deformed by transverse creep,
caused by internal pressure, until contact was
made completely around the circumference. The
temperature of the pressure tube at initial
contact was lower in these tests than in the
previous unpressurized experiments [3J. This is
because internal pressure caused radial deflection
of the pressure tube and this decreased the gap
between the tubes. Also, the internal pressure
increased the stresses over the garter springs,
which allowed local deformation over the spring to
occur more easily.

Figures 2 and 3 show the pressure-tube and
calandrla-tube temperatures recorded during
experiment 7. The behaviour is typical of the
experiments. The eccentricity of the heater and
weights in the pressure tube caused the circumfer-
ential temperature gradient shown In Figure 2.
The temperatures recorded show that contact
occurred on the bottom first. This behaviour is
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IOO 150
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FIGURE 2: PRESSURE-TUBE TEMPERATURE AT CENTER
PLANE IN EXPERIMENT 7

similar Co chat noted in the experiments with no

internal weight [3]. From Figure 3 it can be seen

that not all of the calandria tube thermocouples

were in areas of film boiling.
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FIGURE 3: CAL ANDR I A-TU B E TEMPERATURE AT
CENTER-PLANE IN EXPERIMENT 7

COMPARISON BETWEEN EXPERIMENTAL RESULTS AND
PREDICTED BEHAVIOUR

Computer Programs

The mechanisms and driving forces that act
during longitudinal and transverse creep are very
different. For bending, the stresses are low
(less than 1 MPa) and the strains at which contact
occurs are small (less than 17.). The small longi-
tudinal strains required for bending are caused by
the a*6 phase transformation under stress, whereas
the large tangential strains (18%) required for
circumferential contact are caused by grain-boun-
dary sliding and dislocation creep. Since these
two deformation mechanisms are independent, the
resulting deflections can be considered separately
and thin added. The only coupling required is an
updating of the moment of inertia caused by
circumferential strain.

Fuel-channel deformation is analysed using
three separate computer codes: TRAN II [4] and
GRAD [5] for the transverse creep, and CREEPSAG
[3] for the creep bending calculations. The heat
transfer after contact is modeled by WALLR [1].
The experimental results are compared with the
predicted behaviour.

Creep Bending (Sag)

To analyse bending deflections of the pressure
tube, CREEPSAG uses the idealization shown in
Figure 4. The pressure and calandria tubes are
assumed to be long thin beams with fixed ends (at
their respective rolled joints) and interactive
forces between them at the garter springs. These
forces change with time, as the pressure tube
deforms and supports less of the weight. In
analysing the deflections of the tubes, the
assumptions of simple bean theory were used. When
the load ia first applied, the stresses and
strains are elastic and are described by

M(x.t)
El (1)

where K Q is the initial curvature of the tube, x
Is the coordinate along the pressure tube, M is
the bending moment, E is the elastic modulus, and
I is the moment of inertia.

CALANDRIA TUBE
GARTER SPRING
PRESSURE TUBE

7FUEL AND COOLANT •

FIGURE 4: SCHEMATIC OF FUEL C!'.ANNEL

The plastic strain is calculated assuming the
deformation Is time dependent (creep). The
longitudinal creep rate used in the analysis was
determined experimentally by Shewfelt and Lyall
[6J, who expressed the creep race in the form
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A 9(t,T) exp (2)

where z is the Longitudinal scrain, A is the creep
correlation constant, 8 is a hardening coeffi-
cient, t is time, T is temperature, Q is the creep
activation energy, and a is the longitudinal
stress.

For convenience Equation (2) can be written as

e - B(x,t)a. (3)

Since plane sections remain plane

where e^ is the bending strain at y, ej, is the
bending strain at c, y is the distance from the
neutral axis, and c is the distance from the
neutral axis to the extreme fib&r of the tube.
Differentiating this equation with respect to time
and substituting Equation (3) yields

(4)

where ojj i s the bending s t re s s at y and OjjC i s
the bending stress at c. The rate of change of
curvature (K) of a tube due to creep is

(x,O (5)

where x i s the axial distance along the member,
and t i s t ime . The quantity ebc i s given by
Equation (3) and

(x,t) (6)

The relationship between stress and moment at any
given cross section is

M - / -,..yda
a

(7)

where 'A is the bending moment, •••<i a is the area
of the cross section.

Substituting Equation (4) into (7) yields

M " • — . (8)

From Equations (6) and (8)

For a quasi-straight tube

&2
< x,t ^

The deflection of the tube is found by adding the
elastic curvature to the Inelastic curvature, and
then by integrating the resulting curvature of the
tube twice, giving

*<*.*>

+ fc B(x.t) MCx.t) dtl dxdx. (9)
o 1

The CREEPSAG program calculates the elastic
support forces at the garter springs and ends of
the tube, and numerically integrates Equation (9).
Constant temperature is assumed during each time
step in the integration, with the temperature
increased upon completion of each time step.

Since in the experiments, the pressure tube was
surrounded by a calandria tube; the deflection of
the pressure tube could not be monitored as in the
previous unpresaurized tests [3J. Therefore, the
only basis for evaluating the efficacy of CREEPSAG
was by comparing measured and predicted contact
temperatures. Table 2 shows the predicted
pressure-tube temperature at contact and the mea-
sured pressure-tube temperature. The predictions
uere made using the average temperatures recorded
at each axial location. Prior to contact the
bottom of the pressure tube was hotter thar the
rest of the tube. This high temperature, combined
with the increased load dua to pressure, made the
local del'"rotation over the garter springs occur
earlier than It would have in a uniformly heated
tube with no pressure. The radial deflection of
the pressure tube caused by the internal pressure
meant that the sagging deflection did not have to
be as large as CREEPSAG predicts to cause contact*
As seen from Table 2, in the experiments with low
pressures the measured and predicted values of the
contact temperature agree well, despite these
discrepancies. Thus, for analysing r'.e bending,
the decoupling of the transverse creep from the
bending creep is valid.

TABLE 2 : CONTACT PREDICTED BY CREEP BENDING
(SAG)

Nualwr

1

I

3

!t

s

b

J

8

lot Avaraga

T«apar*cura

(*C/«)

2 . 0

2 , 0

2 . 4

4 . 0

5 . 6

2 . 2

<*.b

4 . 5

[accrual

Pr«a*ur«

<MP«)

0 . 5

1 . 0

1 .0

2.ti

4 . 0

0 . 7

0 . 9

4 . 0

M**aur*d

Cont4Ct

("O

700

760

750

720

770

600

710

Predicted

Contact

I'C)

726

Hlb

433

945

658

B30

HS2

850

OlCfacanca

CC)

ZB

91

«

;3B

ao
52

Transverse Creep

The deformation of the pressure tube prior to
contact is calculated assuming that deformation is
time-dependent (creep). The transverse creep rate
1 an internally pressurized tube is given by

A exp (10)
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where I is the transverse creep rate, A is the
creep constant, Q is the creep activation energy,
R is the ideal gas constant, T is temperature, af

TABLE 3:

is transverse stress,
exponent.

and n is the stress

Substituting

1 dr
7 dc" a n d

Pr

where r is the radius, t is time, P is the
internal pressure, and u is the wall thickness,
and using the fact that the volume is constant
yields the following expression, which can be
Integrated numerically Co obtain the inner radius
of the pressure tube at any time t:

; dt

where rQ is the original inner radius and wQ is
the original wall thickness.

After contact, the pressure and calandria Cubes
creep at the same rate. Thus

exp

where subscript c refers to the calandria tube,
subscript p refers to the pressure tube, and r is
the inner radius of the combined pressure/calan-
dria tube.

Using the value of Pc determined from the above
equation, the pressure-tube radius cjn be deter-
mined by numerically integrating

) r (-
(P-P ) t

2 n

-) dc.

PREDICTED
TEMPERATURE

CIRCUMFERENTIAL CONTACT

Contact COOEACC

T.ap.raturc Teap.raEur*

CO C*C) CC)

I

2

3

k

5

6

7

8

2 . 0

2 .0

2.4

4 . 0

5.6

2.2

4 ,6

4 . 5

0 .5

1.0

1.0

Z.O

4 . 0

0 .7

0 . 9

4 . 0

TOO

735

760

750

720

770

a oo

710

351

797

SQ4

764

743

311

63 b

720

151

o2

34

14

23

43

36

10

remains circular. For each time step, the change
in length of each segment is calculated using the
creep equation (10). The new strain of each seg-
ment is calculated by assuming the volume remains
constant and there is no axial strain. The
lengths of the segments are added and divided by
2 it to determine the new radius for the pressure
tube, and the process is repeated*

For experiments 4 through 7, Table 4 compares
the calculated values of pressure-tube strain with

TABLE 4: PRESSURE TOBE LOCAL STRAIN

Exp.rl.cnE LOCAL Strain

Nua*«r Top S id . Docco. Side

Hta.urtd GOAD M«uur«d CBAU M«aaur.d QUD M*aauced tf

Table 3 lists the predicted contact tempera-
tures and the measured values. To calculate the
temperature, the average pressure-tube temperature
was again used since TRAN II is a one-dimensional
computer program and uses only one temperature.
In the experiments, the bottom temperature de-
creased when che Cubes Couched. This change in
temperature was ignored in calculating the average
temperature used in TRAN II to calculate contact.
The average temperature prior to any contact was
extrapolated u»itil contact was predicted. The
agreement between the values is very good, which
means that, for temperature gradiencs of Che order
shown, the average temperature may be used co
predict che contact temperature and to assess the
possibility of film boiling on the calandria-tube
surface. This confirms chat decoupling of the sag
and circumferential defleccions is valid.

The computer code GRAD (5J is a two-dimensional
computer program developed to assess the local
transverse deformation of a pressure Cube with a
non-uniform circumferential cemperat " gradient.
The analysis is performed by dividing the pressure
tube into circumferential segments. The radius of
Che tube Is calculated by assuming that the tube

(foe. J - In eKp.rlawREa 1, 2 and 3 Eh. E*ap.racur*a around the tub« u.rc not

•u .ur*d In awiflclcnE d .ca l l . Th. local atrala waa aoE ..aaurcd

for ExpermtnE 8.

those measured at the axial center of the pressure
tube. The calculated values were obtained by
using the measured temperatures and by assuming
the temperature varied linearly between the
thermocouple positions around the tube. The
computer run was terminated when the calculated
average scrain reached 18Z (which is che scrain ac
complece circumferential contact). The agreement
becween calculated and measured strains is reason-
able at most points, but since the accual tempera-
Cures were not known except ac che points where
che measurements were made, the local stresses and
strains could not be accurately calculated.
Figure 5 shows the actual thicknesses measured
after experiment 6. This variation in thickness
illustrates that the actual temperature distri-
buClon, and thus the strain when complete circum-
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FIGURE 5: TRUE STRAIN VARIATION AROUND THE
PRESSURE TUBE FOR EXPERIMENT 6

ferential contact occurred, was quite different
than that calculated. As seen from this figure,
the hottest temperature was not measured, so the
real average strain was higher than predicted and
contact occurred sooner than GRAP predicted.

Heat Transfer After Contact

Figure 6 Is a schematic diagram of the heat-
transfer model used to determine the

MODERATOR

FIGURE 6: SCHEMATIC OF HEAT FLOW THROUGH THE
PRESSURE WBE tm> CXLMfimfc TOSS SSTE.S.
CONTACT

p o s t - c o n t a c t thermal behav iour . This model p r e -
dicts the transient heat transfer along a radius

through the pressure and calandria tubes. The
heat-conduction equation is solved using a one-
dimensonal, finite-element subroutine. The
difficulties In analysing the problem lie in
specifying the boundary conditions. The boundary
condition on the inside surface of the pressure
tiibe ts the. Incident, heat flux., which is deter-
mined by the heat generated in the fuel by the
decay heat, and the reaction between zirconium and
steam.

The heat flux at the outside surface of the
calandria tube is described by

'••&>

a pool-boiling heat-transfer coefficient, Tco is
the outside temperature of the calandria tube, TB

is the bulk moderator temperature.

The heat-transfer coefficient, hfe, depends on
the type of boiling that occurs with subcooling,
the saturation temperature, the outside surface
temperature of the calandria tube, and the heat
flux. In the model, h. Is defined for four
regimes [71: subcooled, nucleate boiling, transi-
tion boiling, and film boiling. The equations
were based on experiments by Thibault [8],
Rohsenow [9], Bradfield [10], and Dhir and Purohit
[11].

At the Interface between the pressure and
calandria tubes, the contact conductance deter-
mines the rate at which the heat stored in the
pressure tube is transferred to the moderator
immediately after contact; thus, It also affects
the pool-boiling regime. The contact conductance,
hc, is described by the following relationship:

1c ' hc <T
Po "

 Tci>

where qc Is the heat flux between the tubes, hc is
the contact conductance, T p o is the temperature of
the outer surface of the pressure tube, and Tci is
the temperature of the inner surface of the
calandria tube.

The value of contact conductance (11 kW/(m .°C)
used to analyse these experiments was that infer-
red from the experiments performed with no weight
in the pressure tube [1,2]. As seen from Table 5,
the computer program WALLR [1] correctly predicted
the occurrence of film boiling on the calandria
tube directly opposite ttte thermocouples on the
pressure tube which recorded the temperatures
used.

In the experiments performed with no weights in
the pressure tubes, film boiling did not occur
until complete circumferential contact with the
calandria tube had occurred. In the combined load
experiments, film boiling occurred sometimes at
the initial contact on the bottom. This means
that the weight increased the pressure of contact,
and thus the contact conductance on the bottom was
higher than that in experiments without Internal
weights. However, since there is good agreement
between predicted and actual occurrence of film
boiling, the maximum value of the contact conduc-
tance found in the earlier experiments [2], was
used in the current analysis.
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TABLE 5: FILM BOILING ON CALANDRIA TUBE SURFACE

Hcuured

Contact

W»t«r

Tcaparacure

Type at Boiling

Pradlctad Ob»rv«d

1

z
3

S

&

1

700

735

aoo

750

720

770

900

710

B4

8L

79

80

SI

94

U

86

HucUata

Hucltaca

Flla

Fllai

Nuclaaca

Flla

Flla

Tratwlcloa

Huclaacc

Huclaaca

Flla

Flla

Nucl««C*

Flla

Flla

Temantctoa

CONCLUSIONS

These experiments have shown chat it is valid
Co decouple creep bending and transverse creep in
analysing Che deformation of Che pressure Cube.

The experiments demonstrated that the initial
contact always occurs on the bottom because of
creep bending. They also showed that the in-
creased pressure of contact caused by the weight,
increased the contact conductance of the initial
contact and allowed film boiling to occur prior to
complete circumferential contact. In previous
experiments with pressure only (and J O weight),
complete circumferential contact was required to
obtain a value of contact conductance high enough
to cause film boiling. In the current experiments
the occurrence of film boiling was correctly pre-
dicted using the value of 11 kW/m C for contact
conductance inferred from previous experiments
with no weight. This shows that the increased
contact conductance during Che inicial contact did
not lead Co an increase in its maximum value In
the experiment.

The average transverse strain was well predic-
ted by both GRAD and TRAN II and the local defor-
mation was prediciid reasonably well by GRAD.

These experiments have demonstrated that the
analysis methods to estimate the pressure tube
deformation and the occurrence of film boiling
will correctly predict the behaviour of a fuel
channel under realistic loading conditions.
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LOSS OF FUEL ROD COOLING

IN THE HRO 135 MR RESEARCH REACTOR
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CHALK RIVER, Ontario

ABSTRACT

Probabilistic analysis techniques have been applied
to calculate the risk of loss of fuel cooling leading
to core melt In the NRU 135 MW (thermal) research
reactor. No credit has been taken In this present
study for the operation of the emergency cooling
system. Whole body gamma doses to the public from a
noble gas release resulting from a complete core melt
have also been assessed using an appropriate
dispersion model.

INTRODUCTION

CABTTC power reactors, 1SRH, similar to other
research reactors, has design features which make
power reactor safety standards difficult If not
Impossible to apply. Traditionally, research reactors
throughout the world have enjoyed a greater freedom
from licensing requirements of risk/consequence
criteria than have power reactors. Nevertheless,
while few, if any, early research reactors were
originally designed to meet specific licence required
risk/public dose standards there is currently more
effort being made to quantify research reactor risks
using probabilistic risk analysis techniques. This
study was performed to estimate the core melt
frequency and to assess, "ore accurately than the
original safety report, the public dose from a
postulated core melt.

The most Important design philosophy differences
between NRU and CANDU reactors relevant to this study

(1) the primary coolant system Is a low pressure
system which, In the event of loss of primary
pumping power, is not capable of a thermo-
syphoning mode of cooling.

(ii) the emergency cooling system Is a manually
operated system, capable of handling pipe
breaks up to about 302 of the size of the
largest coolant pip£.

(ill) the reactor confinement building Is an
Industrial type building vented to a remote
stack.

In the following sections this study calculates

(1) the probability, using fault tree analysis, of
loss of forced circulation fuel rod cooling for a
time long enough for uncovery of the top of the
f-ael Tods to cammae, wo «*41t € « «»eis«i<ty
cooling being taken.

(2) the probability of a coolant system pipe break,
In a location which could not be Isolated,
leading to either a large or small LOCA and
subsequent fuel rod dryout, no credit for
emergency cooling being taken. LOCA's Initiated

by reactor vessel or piping damage from
reactivity excursions have not been considered.

(3) public whole body gamma doses from a complete
core melt, under the assumption of design feature
(ill)-

1. FAULT TREE ARALTSIS OF LOSS OF FORCED
CIRCULATION TO FUEL RODS

1.1 System De»crlption

The NRU reactor fuel is cooled by 8 pumps supplying
heavy water coolant vertically to the fuel rods via
the bottom header of the reactor vessel.

Figure 1 shows the heavy water pumping system
relevant to the fault tree analysis and Figure 2
Illustrates the electrical power supplies for the
system equipment.

FIGURE 1 NIIU REACTOR HEAVY WATER COOLANT SYSTEM

Loss of flow from all 8 puwps will result In a loss
of forced circulation to the tods. As the system heat
exchangers are below the vessel, thermosyphonlng via
these heat exchangers will not occur; loss of flow
eventually leading to boiling of the stagnant water
around the rod pencils. teat transfer from the
pencils will then (In the absence of corrective action
being taken) be "by steam blanket conduction/convection
to the fuel rod outer flow tube and heavy water In the
vessel until dryout and then meltdown occurs. Other
than a LOCA Initiated by piping failures or reactivity
excursion, loss of forced circulation flow can occur
from a number of causes: (a) pump stoppage, (b) loss
of pump nel: positive suction head, (c) disabling of
the pump discharge lines.
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Pumps 1 to 8 are supplied with 200 kW Class 4 power
AC motors. In addition, pumps 1, 4, 5 and 8 have
15 kW DC motors, supplied via rectified Class 3 diesel
AC power, or via Class 1 DC battery supply in Che
event of diesel failure. The coolant system requires
operation of at least seven pumps for normal operation
at full power of 135 MW. Upon loss of offslte (Class
4) power, forced circulation is maintained by at least
one of four of the DC supplied pumps. Only two of
these pumps, 4 and 5, are capable of recirculatlng
heavy water from the bottom of the vertically fuelled
reactor vessel, via energency cooling lines. The
suction lines of the remaining pumps are si-pplied from
volutes at the top of the vessel.

CLASS4 2MI0VAC BUS

CI.ASS2
600VAC
BUS

OIL PUMP L AND SI
JMEPGENCY SUPPlt. CLASS3 600VAC BUS

SILICON -P"™*"™"""™"""
BECTIFIfSS 1 ,

MOTOfl GENERATOR
. SETS

CLASS1 125DC BUS

6 6
OIESEL
GENERATORS

EMERGENCY
COOLANT PUMP
MOTORS

FIGURE 2 REACTOR COOLANT SYSTEM SIMPLIFIES ELECTRICAL
POWER SUPPLY

1.2 Fault Tree Model

A fault tree was constructed for the top event,
total loss of forced circulation flow in the main
coolant circuit. Component failure rate and repair
time data were obtained mainly from NRU experience-
Where data was unavailable or no failures had been
experienced generic data from HASH-1400 [1] or the
IEEE Standard 500 Reliability Data 1984 was utilized.
Human error rate data was extracted from Swain and
Cuttman [2],

Fault trae event resolution was taken to the level
where plant specific equipment failure statistics
could be used to generate meaningful event failure
rates. For example, primary puap mechanical failure
or primary pump control circuit failure represent
typical resolution limits. Detailed fault tree
analysis of control circuit and power supply systems
was not performed. Failure and unavailability data
for these systems were based on plant experience, thus
limiting Che boundaries of the analysis. Maintenance
and testing contributions to equipment unavailability
was only Included for reactor shutdown periods. Shut-
down frequencies are such that all regular maintenance
and testing of process and safety system equipment
associated with the coolant system can be done
exclusively during these times. Analysis of auxiliary
systems, interfacing with the main coolant system of
"lgure 1, has not been done but LOCA's in non-isolable
Interfacing system pipework are discussed in Section
2.2.

Lack of plant data on actual and potential common
mode component failures necessitated the subjective
use of a model to estimate the common mode failure
rate from the lndependant failure rates. Qualifica-
tion of the common cause failure rate was thus
performed by the application of the s factor method
[3]. The advantage of this method is Its simplicity.
The factor 3 defines the common mode failure rate of
each component as a ratio of the total failure rate
i.e. 8 - XcmA where * « .\ j + \ cm, \r representing
the independanc component failure rate. An analysis
by Fleming et al [4] of common mode failure data from
US nuclear power plants using four lndependant data
sources hag estimated an average 3 factor of 0.11 (at
95Z confidence level) for all equipment types. This
factor was then applied to provide an estimate of the
failure rate for complete failure of common cause
susceptible terms.

1.3 Quantitative Results

Quantitative results calculated are the failure
probabilities of the minimal cut sets. The minimal
cut sets were derived using the FAUTRAN code [5].
Individual multi-component minimal cut set failure
rates P were calculated using the expression [6],

q2q3. •1nxl

...(1)

vhere the q's are component unavailabilities and the
X's the failure rates of the n components of Che cut
set. Most of the multlevent cut sets could be
separated into one repairable component associated
with a process system (the Class 4 power supplied
heavy water AC circulating system) and one or more
repairable components associated with a standby
(safety) system (the Class 1 power supplied heavy
water DC circulating system). The failure probability
of most of the minimal cut sets can be represented in
terms of the process system and safety system
behaviour by combining two components.

(i) the failure probability of the process system
component coincident with the unavailability of
the safety system component(s).

(ii) the failure of a safety system component to
operate to time t given satisfactory initiation
of the safety system and the inability to
return the process system component to
operation. Physically (i) corresponds to the
first tern of equation (1) and (ii) corresponds
to the sum of the remaining terms.

By itself the sum of the minimum cut set
frequencies, representing the top event frequency, is
of limited value. The risk of fuel dryout is the
criteria of Interest. In order to relate to fuel
dryout probability the minimal cut sets were modified
to reflect the probability that they will be
unavailable for a time greater than a maximum
specified outage time tj,^. If any component of
the cut set can be restored to service soon enough
after failure, then the modified top event will not
occur. Restoration taking longer than the maximum
allowed time will result in top event failure. In
order to modify equation (1) to include this time
dependence a factor fn is used, defined as the
probability that event n repair time is greater than
rMAX- A n exponential repair distribution isA
assumed where expn p ( ^ / , , ) , :„

being the average repair or fault duration time for
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component n. Allowance for component repair modifies
the probability P for each cut set to

1213 In fl f3
In fl f3

•••(2)

In the case of the loss of offslte Class 4 power,
tn was determined from plant specific data and is
thus not subject to the uncertainty associated with
the choice of model for repair time probability.

For cut sets relevant when the reactor was
operating ^ MAX w a s taken as 1 hour. This time
corresponds to the time available before the bulk
moderator/coolant In the vessel will begin to boil,
assuming the Initiating cut set fault has tripped the
reactor. For this study this time Is conservatively
assumed to coincide with the onset of fuel rod dry
out. For situations where the reactor is shutdown and
the vessel Is full of water T-^^J was 3,5 hours,
assuming that the initiating fault commenced at an
average time of 15 h after shutdown. For cut sets
relevant to a lowered vessel levi.l T Ĵ JJJ was taken
as zero, reflecting the short time available before
the fuel rod coolant would boll, in the absence of the
heat sink to the bulk vessel water.

Two dominant fault tree minimum cut sets were
found, both being initiated with the reactor operating
at full power, by the loss of Class 4 power coincident
with the unavailability of the following:

(I) Class 1 DC power supply.
(II) all four emergency DC motor control circuits.

Relevant data for these cut set events Is shown In
Table 1.

The first of the dominant equipment unavail-
abilities is the failure of the Class 1 125 DC battery
to supply power. Upon loss of offsite power both
reactor diesels start, one picking up the plant Class
3 loads via autoclosure of Its output breaker. With
Class 1 power unavailable for the breaker control,
manual closure is required to establish Class 3 power.
The emergency DC pumps will then be supplied with
power via rectified Class 3 power (Figure 2).
Operator Intervention during this type of failure
would be to restore Class 1 power to the emergency DC
pumps by mam-ally closing a reactor dlesel output
breaker. The mean time required for this was
estimated as 0.33 h. Using this data, the occurrence
rate of loss of offslte power coupled with a loss of
Class 1 power supply for up to one hour following a
Class 4 power reactor trip from full power was
estimated as 3.7 x 10"4/a.

The second dominant equipment unavailability, the
simultaneous failure of the four emergency DC pump
motor control circuits Is subject to common cause
failure. Assuming the applicability of the 6 factor
model for common cause failure estimation, the
quadruple control circuit failure race was taken as
••'I' It should be recognized that model application
in this manner assumes the predicted failure rate is
for all four DC circuits being simultaneously
disabled. This assumption will provide a conservative
estimate [3] for the true quadruple failure rate.
Allowance for the probability that repair of a DC
motor control circuit cannot be done within I hour,
using a mean repair time of 2 hours, results in a
contribution to the occurrence rate for cotal loss of
flow lasting until the onset of fuel dryout of
1.4 x 10-4/a.

An error factor of 10 was eitimated for both of the
above minimal cut set frequencies calculated, where
the error factor is defined as the ratio of the 95%
upper confidence bound limit and the mean value.
These error factors were derived by the simplified
assumption that Individual cut set components could be
characterized by log-normal distributions.
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2. HEAVY RATES STSTEM LOCA PROBABILITY

In Its history of operation from November 1957 to
May 1985, there has never been a D20 system piping
failure or leak large enough to require the use of
emergency cooling. Point values for the failure rate
\ cannot be meaningfully obtained because of the
current absence of failures and lack of sufficient
operating experience. What Is done conventionally
then is to obtain ? range of A values at a specific
confidence level. Operating experience to date
demonstrates an upper bound failure rate of 10"1-
per year at a 95Z confidence level, based on zero
severances In 25 years, using the chi-square
c'lstribution with two degrees of freedom. In order to
obtain an upper bound severance rate of 10"^ p e r
year at a 957. confidence level based on zero
severances would require about 3000 operating years of
experience. In the absence of this experience and any
piping severances, the failure rate has therefore been
assessed more precisely using data available from
various pipe reliability studies.

Different failure rate parameters are used in these
studies, for Instance failures/weld/a, failures/m/a
and failures/pipe length between components/a. The
general sparcity of failures, coupled with the
uncertainties of comparing various studies because of
differing operating and design features of the data
bases, has to be borne in mind when comparisons are
made. It should be realized, therefore, that
limitations are Imposed on a failure rate assessment
of this type, because of assumptions and Judgements
that have to be made.

Failure rates calculated below are for (i) a large
LOCA resulting from a severance failure of a large
(greater than 20 cm diameter) pipe and for (ii) a
small LOCA froni non-severance failures of large
diameter pipe and from severance failures of inter-
mediate diameter (3 to 7 cm) pipes. The emergency
cooling system Is able to cope with the small LOCA,
providing the leak size is equivalent to < 12 cm
diameter hole, but is not designed for the large LOCA
as defined above. Because of this, separate estimates
of the probability of the small and large LOCA rates
are of interest for this risk assessment study.
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Relevant NHU data used in the coolant system
analysis for the large diameter pipework, is a total
length of 74 m piping, 20 cm diameter, with 134
circumferential welds on various flanges, valves and
piping. A total of 5 2 pipe sections of varying
lengths exist between various components. For the
Intermediate diameter piping a total length of 36 m of
5 en diameter pipe is the relevant data. Only that
section of the coolant system which cannot be
Isolated, in Che event of a LOCA, has been considered
in using this data.

2.1 Large LOCA Frequency Due to Severance Failure
of Large Piping

A study by Gibbons and Hackney for the USAEC [7]
considered industrial piping failures, covering public
utilities, petroleum refineries, chemical processing
and piping manufacturers* Failure rate units,
applicable to NRU from this survey, are not given but
two studies [8,9] have attempted to provide units by
making certain assumptions. Reference [S] quotes a
severance failure rate of 9.0 x 10"'/ diameter of
length/a for pipework greater than 10 cm diameter.
Reference [9] Indicates a severance failure rate for
large piping (15 cm diameter) of 3 x 10"6/m/a.
Application of these figures to HRU large piping gives
3.3 x 10-4 failures/a and 2.2 x 10"*
failures/a respectively. Because of the inherent
assumptions in the latter figures, the validity of
these results Is questionable. In addition no
confidence bound estimates are available.

Smith and Warwick [10] surveyed failures of
pressure vessels and found 85Z of all faults and 50Z
of disruptive faults were associated with welds. This
study gave a value of 4.7 x 10"^ severance
failures per vessel year for conventional plant
equipment considered to be relevant to nuclear
circuits. Direct application of this number Co NRU Is
of limited value, however, as the failure units are
not comparable and the data base Is comprised of
vessels operating at pressures greater than the NRU
coolant system.

The WASH-1400 study [1] predicted a median
severance rate of large pipe as 9 x 10""7/per
sectlon/a with 90Z confidence bounds of 3 x 10~ 5

and 3 x 10~ s. A section was defined as the
average length between major discontinuities.
Applying this to the 5 2 large pipe sections of the NRU
coolant system results in a predicted failure of
5 x 10~5/a with confidence bounds of
1.5 x 10"3/a and 1.7 x 10"6/a.

More recent studies [9] of low pressure large
pipework failure rates applied to a research reactor
coolant system used failure rates/weld/a to determine
-. The reason for the use of this unit is that in the
low pressure reactor coolant circuit there are a large
number of welds relative to the pipe run length and
the system is thus compared to a connected series of
low pressure vessels. As little low pressure system
failure data la available, however, the assumption was
that weld failure rates from higher pressure systems
could be applied. The Data Bank of the Systems
Reliability Service is quoted for two weld failure
rate sources of 2 and 6.6 x 10"^ failures/weld/a
for all modes of failure. The mean of these,
4.3 x 10~ 5 failures/weld/a was used In this study.
For comparison WASH-1400 [IJ quotes a similar number
of 2.6 x 10" 5 serious failures/weld/a in low
pressure containment systems with a 902 confidence
bound range of a factor of 10^.

TABLE 2 : LAKE "!PE SEVERITY FRACTIOK DATA

Reference

Gfbbons and Hackney 1964 [7]

S*1th and Warwick 1974 [10]

Janzen 1981 [11]

Janzen 1984 [12]

Data Base

Industrial Piping Failure

Pressure Vessels

(IS nue?ear plants, pose
cri t icalUy total plant
piping

Canadian nuclear plants,
post cr i t ical i ty total
plant piping

Large Pipe
Severity
Fraction

Id i 15 cm)

0.048

0.072*

0.055

a.ou

* Calculated for conventional plant relevant to nuclear system.

In order now to estimate the pipe severance failure
rate from the above failure rate, a quantity called
the severity fraction SF, for large pipes, has been
estimated from a number of independant piping and
pressure vessel failure studies. The severity fraction
is defined as the ratio of pipe severances to the
total number of failures of all types. Values from
four different studies are compared in Table 2. Close
agreement Is Indicated, with an average of 67. of all
piping failures leading to severance failures.
Application of this fraction to the total failure
rate/weld/a quoted above [9] gives 4.3 x 10"^ x
0.06 * 2.6 x 10"6 severance failures/weld/a.

Applied to the
2.6 x 10"6 x 134
failures/a.

NRU large pipework then produces
3.5 x 10 severance

An Independant study of piping failures by Janzen
[12] quoting units of fallures/m/h has also been
utilized, for comparison with the weld failure rate
figure above. For large pipes (greater than 15 cm
diameter) the 90Z confidence bounds on the severance
rate are 5.4 x 1 0 ~ u to 9.5 x 10~10

sev/m/h.

Application to NRU
10~4 sev/a with a
sev/a.

gives 3.5 x
mean value

10~5 to 6.2 x
of 1.9 x 10"*

This mean value with its 902 confidence bound range
of approximately a factor 20 is thus consistent with
both the weld failure and WASH-1400 containment weld
derived severance failure rates. Figure 3 summarizes
the large pipe severance failure rate estimates
applied to NRU from the various studies.
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While the studies above use Independant data
sources and produce within their confidence bounds, a
consistent severance failure rate, it should be
realized that the choice of the severance rate unit is
partially subjective. As an example, the large pipe
severance rates calculated by Janzen were all based on
failures occurring with expansion bellows. If the
severance rate unit of failures/bellows/a had been
used then the failure rate for large piping would have
been 1.7 x 10"^ sev/bellows/a. Application of
this to the four non-isolable expansion bellows of MRU
would then lead to a large pipe severance rate of
7 x 10~3/a with 90% confidence bounds between
10"3 and 2 x lCT2/a. This rate is signifi-
cantly above the rate derived from failures/nh data.
The validity of the failure units is thus critical.
The bellows failures in the data base, however, were
steam bellows of significantly different design and
operating conditions thsn the NRU expansion bellows,
hence the applicability of the bellows failure unit is
questionable.

For the purposes of this study the best representa-
tive failure rates were judged to be based on
severances/m/a and severances/weld/a. An average
point value large pipe severance failure rate/a for
TSKD, from data derived froa references \"i} and 1121,
is thus 2.7 x 10"4 severances/a with 90Z
confidence bounds of 5.0 x 10"5/a and
8.6 x 10"4/a.

2.2 Saall LOCA Frequency Due to Non-Severance
Failure of Larg« Plpinn and SeT«ranc» Failure of
Internedlate Site Piping

To estimate the snail LOCA leak rate from
non-severance failures of large piping 94? of all
large pipe failures were assumed to be of this type,
from Table 2. The non-severance failure rate is thus
16 x severance failure rate • 4 x 10~3/a.

For severance failures of intermediate size piping,
results from two Independant studies [12] and [9] have
been utilized. The study by Janzen [12] quotes a mean
severance rate of 1.7 x 10~l" severances/o/h
with upper and lower 902 confidence bounds of
k.k x H r w ana «*.l Tt WTL1- seroxaTite/m/Y.
respectively. Applied to the intermediate size piping
of the NRU coolant system these rates translate into a
mean severance rate of 1.3 x 10~4/a with upper and
lower 90% confidence bounds of 3.3 x 10"*/a and
3.5 x 10~5/a. The second study [9J, quotes a mean
severance failure rate fur 1.3 cm to 5 cm diameter of
9 x 10~7 failures/m/a. Applied to the NRU coolant
system this gives 7.7 x 10"^ severances/a, within
the confidence bounds of the previous estimate. The
assumptions of reference (9] are that the severance
failure data was based on data for large diameter low
and high pressure piping which was then multiplied by
ten to obtain the intermediate pipe failure rates.
The factor of ten was In turn derived from WASH-1400
[1] data. Because of the latter assumptions the
failure rates derived from Janzen are considered to be
more relevant-

The risk of snail LOCA's in the NRU heavy water
coolant system is tVma 4 x VJ~3f& with <3Q*
confidence bounds of 1.4 x 10"2 and 8.0 x
10~*/a due primarily to non-severance leaks In the
large diameter heavy water piping.

3. PLANT BOUNDARY WHOLE BODY GAMMA DOSE FROM
POSTULATED CORE MELT

The maximum whole body gamma dose at the plant
boundary, 5.6 km from the reactor ventilation stack,
from a noble gas ' rypton and Xenon) plume emitted
from the stack following a total core melt lias "been
calculated, utilizing Pasquill F category weather
conditions. The assumptions at the different stages
of the release are discussed in the following
sections.

3.1 Moble Gat Inventory

The noble gas Inventory ot NRU was calculated using
the FISSPR0D2 computer program. Six krypton Isotopes
(Kr 83m, 85m, 85, 87, 88, 89) and seven xenon isotopes
(Xe-Ulm, 133m, 133, 1350, 135, 137, 138) were
considered. Source Inventory after a 15 minute
reactor shutdown was used. Reactor power used was
135 MW with 100 fuel rods each at 1.35 MW with 6
months reactor residence tirae assumed. Table 3 lists
the inventory 15 minutes after shutdown.
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3.2 Noble Ga» Releate Mechanise

The worst case accident assumes 1002 of the noble
gases is released from the fuel and 503! Is released to
the reactor ventilation system following core meltdown
and iailuTe of a -reactor teasel through tube via
contact with melting fuel fods as they fall over In
core. Atmospheric release is then via the 46 m vent-
ilation stack. A short term release of 10 minutes Is
assumed.

3.3 Atmospheric Dlaperilon

The widely accepted Gaussian plume model [13] for
atmosphere dispersion from a stack of height H(m) has
been used. This expresses the concentration
:<(Ci*-s/m3) of Isotope I, as a result of transport
and diffusion from a continuous point source at
coordinates X, 1, Z as

exp(-\X/U)

• ( 3 )

* 1 Ci - 37 GBq
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Figure 4 shows Che coordinate system used.

WINO

PLUME ECIGE

of 11 m for Fasquill F (U » 2 m/s) was also made to
allow for the stack gas efflux velocity of 12 m/s.
The effective stack height utilized was thus 84 m. A
correction factor [14] of 0.45 was also applied to
equation (5) to account for the finite slza of the
cloud.

The maximum ground level gamma dose obtained from
equation (5) under the assumption^ of Section 3.3 was
1.7 rem at the plant boundary 5.6 km from the release
point.

GROUND LEVEL REFERENCES

FIGURE t SCHEMATIC OF PLUME CO-ORSMATE SYSTEM

i s the total release of Isotope 1 in Curies,
and ~x are the plume dispersion parameters (a) [2]

defined as the standard deviation of the concentration
distribution In the y and z direction. These were
obtained from empirical data from [14] as a function
of downwind distance x, and weather category. U is
the mean wind speed in m/s. The second exponential
term in brackets represents the Intensity contribution
of the ground reflected plume, perfect reflection
being assumed. The last exponential term represents
radioactive decay, '•> being the decay constant-

Inherent assumptions in the model are (i) that the
wind speed and direction are constant, (11) diffusion
In the plume direction (x) is neglected, (ill)
atmospheric turbulence, which results in horizontal
and vertical spreading Is homogeneous. Beyond 10 km
from the release point the model becomes unreliable
[IS] overestimating doses because of assumption (1)
limitations.

3.4 Plant Boundary Po«e Calculation

At sufficiently large distances from the source
release point the concentration distribution changes
only slightly In the vertical and horizontal direction
along Che X axis. At ground level (Z • 0) directly
below the plume centreline (Y » 0) equation (3)
reduces to

• iCX.O.O) exp • x exp(-*X/U) ...(4)

At the plant boundary, 5.6 km from the stack the
plume dimension " the mean free path of gamma
radiation and so the semi-infinite cloud approximation
[14] has been used. Thus the dose point Is considered
to be at the centre of an Infinite hemisphere of
uniform concentration

The whole body gamma dose was calculated for Pasquill
F weather condition from [16]:
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(X,0,0) x DCFt ...(5)

where DCFj Is the dose conversion factor in units of
rem*/s per Cl/m3. Table 3 lists the dose conversion
factors used. Values of xi(X,O,O)/Qj, which
depend on release height and weather condition, were
obtained fron Bryant [17] for a Pasquill F short
release weather category and have been corrected for
transit decay time Co the dose point. To allow for
differences In elevation between the stack base and
dose point, a correction to stack height of 27 m was
made. An additional correction [17] to stack height

* 1 rem - 10 m l l l i s i e v e r t s
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FKOPOSED ON-LINE AUTOMATIC VIBRATION
MONITORING AND DIAGNOSTIC SYSTEM
IN NUCLEAR GENERATING STATIONS

SASJIT K. BOSE

Ontario hydro
Bruce Nuclear Generating Station "B"

Tiverton, Ontario, CANADA

ABSTRACT

The proposed on-line automatic vibration
monitoring system is computer-aided and using a
Fast Fourier Transform (FFT) microprocessor
provides alarms, trends, and accurate diagnostics
of deteriorating rotating machine components.

Nuclear generating stations have critical
rotating machinery, some not easily accessible,
which when monitored by an on-line automatic
vibration monitoring system allow continuous power
operation with fewer interruptions. Timely
detection of the deteriorating machine component
leads to reduced downtime and maintenance cost.
Diagnosis is in straight-forward direct Language
and is obtained quickly. This paper describes the
automatic system and its advantages are discussed.

ISHCDUCTICN

The need for detecting the root causes of
abnormal operating conditions of critical process
systems in a nuclear generating station has been
felt each time these conditions resulted in the
failure of a component or a system. Although it
has been known for many years that analysis of
component or system vibrations could indicate the
causes, the techniques remained as the
"state-of-the art" until recently when
sophisticated instrumentation such as the
computers, Fast Fourier Transform analyzers, and
multiplex scanners were tried out. Operating and
research staff in Ontario Hydro began to feel the
requirement for a continuous monitoring system for
particularly critical rotating machines using
computers and Fast Fourier Transform
microprocessors. An automatic vibration
monitoring, analysis, and diagnostic system is
being proposed from these considerations. The
purpose of the design of such a system is to
display to the plant operating and maintenance
staff the identification of the faulty component
and the diagnostics to supplement their own
investigation and enable them to take the
appropriate corrective action to maintain plant in
the normal operating conditions or in the case of a
forced outage, to restore the plant quickly and
efficiently.

Currently, the systems used in a number of
nuclear stations are hard-wired to monitor overall
vibration levels as v«arning for excessive vibration
emanating from deteriorating rotating machine
condition by the annunciation of an alarm. But
neither the identification nor the diagnostics of
the faulty component is automatically available.

It is not unlikely that an analyzer is not able to
pick up a transient at the time of its occurrence.
One very important factor which should not be
ignored in that the overall vibration levels are
only averaged values of several frequency peaks and
provide no diagnostic information. Analyses done
by portable real time analyzer are also very
labourious and time consuming. Fast Fourier
Transform analyzers are now being used in the
recently commissioned stations on a monthly basis.
In this case too, many critical data remain missed
out, resulting in inadequate diagnosis.

In recent years, considerable advances have been
made in monitoring and computer technologies. It
is now possible to transform raw analog signals
into a multiplexed digital output for use on a
computerized system. Accurate maintenance and
diagnostic information is now available quickly in
easy-to-interpret language to identify specific
problem areas.

DESCRIPTION OF THE PROPOSED SYSTEM

The proposed automatic system consists of
instrumentation in the "prijnary" section where
analog signals are conditioned for the "secondary"
section, and instrumentation such as the
multiplexer, the Fast Fourier Transform
microprocessor or an analyzer, and a computer in
the latter section for providing alarm
annunciation, trends, and diagnostic information.
Refer to Figure 1.

Primary Section

Raw signals from vibration detectors are
amplified and conditioned in the "primary"
section. This is a section which is in «xu-'ence
in most nuclear generating stations. The commonly
used detectors are of three types. To measure the
bearing casing vibrations, seismic velocity
detectors are mounted on the casing in any or all
of the three directions, namely vertical,
horizontal, or axial. These are self-generating.
Shaft movement is monitored in terms of the shaft
tun-out by means of a proximity pickup which
measures its distance from the shaft. In large
turbine-generators or combustion turbines, there
are two proximity pickups on each bearing, placed
in right angles to each other. For rotor balance
measurements vibration phase enables are required.
For this a speed pickup is used. It sees a mark on
the shaft to produce a pulse per revolution. The
speed pickup does not need amplification or
conditioning. Both the velocity pickup and the
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proximity pickup can produce signals within a low
range of frequencies, namely, up to 2,000 Hz. The
accelerometer is also in use where necessary for
its high frequency range coverage. It is also
sturdy and much smaller in size than the velocity
pickup.

Major rotating machines, such as the heat
transport main pumps, moderator pumps, emergency
ooolant injection pumps, service water pumps,
condensate extraction pumps, shutdown and
maintenance pumps, and turbine-generators in
nuclear stations have these detectors mounted on
them permanently and hardwired to a central room
where signal conditioning is done. Measuring
equipment are lashed up to these signals for
routine measurement of vibrations for analysis.

Secondary Section

In order to monitor the vibration and phase
angle signals continuously a cross-bar electronic
scanner, such as the Hewlett-Packard Data
Acquisition Unit HP 3497A, is required. Each
multiplexed analog signal then passes through a
differential amplifier, an anti-aliasing filter,
and an analog/digital converter. Thus, any bias
and aliasing errors are kept to a minimum and a
signal in the digital form is obtainable for
accurate analysis. A Fast Fourier Transform
microprocessor or analyzer then translates the time
domain signal to the frequency domain. The
computer through its internal clock controls the
scanner, the differential amplifier, and the
filter. Preferably the computer with a memory of
128 kbytes uses a plotter/printer, a CRT terminal,
and a mass disk storage device of 30 Mbytes.

Base Line Storage and Comparison and Trends

Fast Fourier Transform of a raw time domain
signal to frequency domain is an accurate analytic
method to identify discrete frequencies such as
ball passing frequencies of bearings, blade passing
frequencies of pumps, structural resonances, and
rotational unbalances. During commissioning of
rotating machines, the initial frequency spectra of
the bearing casing and the shaft movement are
obtained and stored in a floppy disk using
appropriate computer programs. When subsequent
spectra are obtained, computer programs make it
possible to compare the discrete frequencies with
those of the base line initially recorded. The
changes are also recorded. If called upon to
display these changes, trends can be plotted. If
the change of a discrete frequency exceeds 8
decibels, the computer annunciates an alarm,
generates a report of the discrete frequency, the
magnitude of the change, and the new level, and
plots a time domain trend of the changes. If the
change is less than 8 decibel, the system moves to
process the next signal.

The most suitable Fast Fourier Transform
.•nicroprocessor would be a 26 msecond 2048 lines
equipment to compare subsequent frequency spectra
with the base line spectrum and indicate the
changes in the discrete frequency amplitudes.
Sometimes due to machine speed variations the

discrete frequency peaks are likely to have
shifted. There are techniques to correct these
errors. The microprocessor can perform a variety
of analytic functions:

FFT analysis with "ZOCM" capability.
Machine critical speed determination.
Cepstrum analysis for gears.
High frequency range analysis from
accelerometers.

Transient analysis by plotting RPM and time
spectral maps, order tracking and composite
power spectra.

Trends are made from the spectra stored in
spectra files. Using computer programs, trends are
obtained, displayed, and hard copies made. A ring
type data structure can conveniently store and
retrieve 248 spectra per each file.

Diagnostics

The basis of the technique of obtaining
diagnostics is a reference table of known discrete
frequencies for each machine. Each frequency
listed has marked warning limits. On reaching a
warning limit, the computer output indicates the
measuring point, the change and the level of
vibration, the probable causes, and makes
recommendations on the machine operation. The
warning limits are set according to the ISO and the
ASME Standards recommendations.

Units

The SI units have been in use at Ontario Hydro,
as listed below:

Velocity (Peak)
Runout (Peak-to-Peak)

millimetre/second
millimetre

Although the flags are set according to changes
in decibels, this terminology is not used. The
scales are in engineering terms.

The rotational frequency is in terms of
revolutions per minute, as a convenience, instead
of using Hertz. For allowable limits, refer to
Charts 1 & 2.

ADVANTAGES OF THE PROPOSED AUTOMATIC SYSTEM

The system described above is an on-line
automatic system. Using known as well as newer
techniques, it provides accurate diagnostics and
alarm annunciation resulting in timely detection of
the deteriorating machine component. Limits are
reasonably set, and it becomes unnecessary to
remove a machine from service until these limits
indicate so. Annual and biennial planned outages
could be eliminated. Very important pumpsets and
turbine-generators are included in this category.
Consequently, machine downtime and maintenance cost
is considerably lower. This system allows the
addition of dynamic signals from piping,
structures, and control valves to provide a means
to implement surveillance quickly due to any
recognized serious operating problem. More
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detailed dynamic behavior of large machines such as
the turbine-generators can easily be obtained.
This proposed system requires less manpower to
operate/utilize it than it Mould for the existing
system. No highly specialized vibration analyst is
needed, since the system diagnostic output is in
straightforward direct language for use by the
station operating and maintenance staff. An
estimated mechanical labour saving is $50,000.00
per year.

CONCLUSIONS

Nuclear generating stations have critical
machinery and other equipment, some not easily
accessible and some are needed during emergencies,
which when monitored by an on-line automatic
vibration monitoring system should allow continuous
power operation with fewer interruptions.
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CHART 1
PROPOSED AUTOMATIC SYSTEM

Figure 1
ALLLOWABLE VIBRATION LIMITS

FOR ROTATIHG MBCHINEKY

For all bearings (driver and driven equipment) of horizontal machines, and the top motor bearing for
vertical machines.

Bearing Radial or Axial Vibration Velocity Level, Uhfiltered, mm/s, Zero-tc-Peak

Class of
Machines*

Horizontal or Vertical
Machines (up to 1.5 m High)+

Vertical Machines
(Between 1.5 and 3 m High)+

Vertical Machines
(Between 3 and 6 m High)+

Limit of Immediate Limit of Immediate Limit of Immediate
Smooth Acceptance Concern Smooth Acceptance Concern Smooth Acceptance Concern

Class
Class
Class

A
B
C&D

1
1
2

.0

.6

.0

3
4
5

.5

.0

.0

6
10
15

.4

.0
.0

2
2
3

.0

.5

.0

3
5
6

.5

.0

. 0

7
11
17

.4

.0

. 0

3
3
4

.0

.5

.0#

4
5
6

.5

.5

.5#

3
12
18

. 9

.5

.0#

*Clas3 A: Small machines up to 15 kW, e.g. oil pumps in PHT main circuit
Class B: Medium sized machines up to 300 kW, e.g. maintenance cooling pumps common service water pumps,

heat transport feed pumps, moderator auxiliry pumps
Class C: Large machines with rigid foundation whose natural frequency exceeds machine operating

frequency, e.g. moderator main circulation pumps, boiler feed pumps, condensate extraction
pumps, shutdown cooling pumps, lew pressure service water pumps, circulating water pumps

Class D: Turbine-generator sets and other very large machines with operating frequency above foundation
natural frequency, e.g. turbine-generator, heat transport main pumps

+ This height is measured from either the foundation level or any rigid structural support (e.g.
thrust block), whatever is higher from the floor, to the measurement point.

Mot applicable to Class D
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CHART 2

Guideline for Eotor Displacement Vibrations Measured in Maximum Orbit
Micro-meter, Peak-to-Peak, Unfiltered Level (Specific Equipment)

Slightly Rough
Smooth, Acceptable but still Rough, Unacceptable,+

Equipment Level Acceptable Level Concern Level Alarm Level

Primary Heat Transport
Pumpset

Emergency Coolant Injection
Purapset

Heat Transport Feed Pumpset

Maintenance Cooling Pumpset

up to 50

up to 75

up to 30

up to 60

50 -

75 -

30 -

60 -

75

100

45

90

75 -

100 -

45 -

90 -

125

135

65*

125*

higher than 125

higher than 135

higher than 65

higher than 125

+ For measurements not near the bearing, a slightly higher level can be tolerated. The amount of that
increment depends on the flexibility of the rotor, the distance from the measurement location to
nearest bearing or seal and the type of coupling used. In general, a 10 percent increment can be used
as an arbitrary guide.

* Bearing clearances were not available for these pumpsets and the given limits are based on educated
assumptions. Also, for these pumpsets there are no proximity probes mounted near the baring, only one
probe is located at the pump half coupling.
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DETERMINATION OF THE ALPHA FLUX FROM DENTAL PROSTHESES
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and A.M. SOURKES*

Dept. oi Physics and +Dept. of Rehab? <tative Dental Sciences
University of Manitoba

and Manitoba Cancer Treatment and Research Foundation
Winnipeg, Manitoba, Canada, R3T 2:1-

ABSTRACT

For over fifty years manufacturers of dental
prostheses have been adding uranium compounds to
porcelains in an attempt to simulate the fluoresence
properties of natural teeth. This paper presents
preliminary results of work being carried out at the
University of Manitoba aimed at measuring any
radiation which may be emitted from the surface of a
prosthesis. The measurement system and technique are
described along with the study of problems related to
background In such a low count rate experiment. The
results obtained to this point for alpha particles
show a low but statistically significant count rate
which might represent a health hazard in the long
term.

INTRODUCTION

Porcelain materials have been and continue to be
used extensively in prosthetic dentistry to restore
and replace missing or decayed natural teettu The
natural teeth these pros theses are meant to replace
fluoresce blue-white under ultra-violet light' '; a
property which ceramics do not have.

It has thus been the practice since the early
1930's for the manufacturers of dental porcelains to
add inorganic oxides, including uranium, to the
ceramic material in an attempt to impart the
fluorescent color and appearance of natural teeth' '.
Both natural and depleted uranium are commonly used.
Until the early 1950's when the Atomic Energy
Commission in the United States set a limit of 0.05% U
by weight in ceramics (a figure based on a value
considered safe for handling of the material without
any thought of its use in dental prostheses),
manufacturers were able to add any amount of U
considered appropriate* The amount added was
invariably based on the appearance of the product
rather than possible safety factors. Not untlJ 1979
was a standard of 0.03X U by weight established for
dental porcelains' \

Although the amounts of radioactive material added
to dental porcelains were once considered
insignifigant, the increased awareness and
understanding of the potential effects of prolonged
exposure of large populations to low level radiation
has resulted In a reassesment of this thinking. In
the past decade concern about possible health effects
was raised by the reports of O'Riordan and Hunt' ^ in
Britian and Thompson^ in the United States
indicating that radiation from some dental porcelains
could result in annual doses in excess of recommended
levels of exposure' ', This was especially true for
highly ionizing particulate emissions, ie. alpha and
beta particles from Che decay of U and its daughters.

e these results and those of other
studies''' ' • ' , the failure to find an economical
substitute for uranium which would induce the desire-;
fluorescence in ceramics has resulted in clu
continuation of the practice of adding radioactive
material to dental porcelains. However, with an
estimated 50 million people in the United States
currently using dental prostheses containing u' ',
there remains a serious potential health hazard
deserving further study.

PREVIOUS STUDIES

The studies to date have attempted to calculate the
dose to the oral tissue after determining the
radiation flux from the dental prostheses by either:
1) determining the total uranium concentration in the
porcelain and using isotope decay schemes' ' to
predict emission types.and rates with the assumption
of an homogeneous sample'3'7'8'9'10' or, 2) directly
measuring the flux using photon and particle
detectors'^,5,12)^ Although by using the first method
it is possible to accurately determine the total I'
content in porcelain powders and even slices from
dental prostheses using such techniques as neutron
activation analysis or fission track methods, there
are serious problems in calculating the expected
doses. The major reason for this is that porcelain
teeth are not uniformly mixed ceramic powders with a
well-defined flat surfaces but are rather irregularly
shaped, nonhonogeneous radiation sources. A thorough
knowledge of the U content, including knowledge of the
various U isotopes and decay daughters, in the
porcelain does not translate directly into a
description of the radiation flux at the surface of
the tooth.

Therefore, direct radiation flux measurement would
seem to be Che preferable way of estimating the dose
to oral tissue from dental prostheses. The main
drawback to this method is that the very low count
rate one would expect when measuring the flux at the
surface of the tooth makes this a difficult,
time-consuming problem. Since the tooth is an
irregularly shaped source, it Is only possible to
accurately observe a small portion of its surface at
any one time if one wishes to extract full energy
information concerning the particle flux using
standard counting techniques; thus further reducing
the count rate. Furthermore, techniques and equipment
needed for conducting accurate, low-level radiation
measurements are usually found in Physics or
Engineering uui/Uii-rits rather than the Dentistry
schools where there is concern for this problem. for
these reasons, studies carried out using particle
detection techniques have been limited to looking at
norcelain powders using large detectors such as GM
tubes' ' or ionization chambers'5'.
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There are two main flaws In these studies.
Firstly, GM tubes and ionization chambers do not
provide the energy information needed in estimating
the biological effect of che emitted alpha. Secondly,
even if a detector which provided energy information
had been used, the alphas emitted from the surface of
a ceramic powder used to snake a prc&ih^sis will not
have che same energy distribution as those emitted
from the surface of the prosthesis itself. Thus the
problem of translating these resales Co dose
distribution for a nonuniform, nonhomogeneous tooth
remains.

PRESENT STUDY

The present study is part of a larger experimental
programme investigating fluorescence in dental
porcelains. It concentrated on what is potentially
the most biologically significant component of the
radiation emitted from the porcelains containing
uranium; namely the alpha particles. It was decided
to attempt to obtain full spectral Information for the
alpha particle flux from a number of dental
pros theses. Work was limited to che alpha flux since
there is considerable disagreement concerning the
contribution of this type of radiation to the overall
dose to oral tissue. Although the heavily ionizing
alpha particle has a potentially very large biological
effect, its short range (less than 30 microns in
tissue for the 4.2 MeV alpha from 2 U, see Fig. I)
raises questions regarding its contribution to the
dose. O'Riordan and Hunt' ' say chat the alphas will
likely never pass through che layers of plaque, saliva
and epidermal cells to reach the radiosensitive basal
layer of oral epithelium cells and will thus have no
biological effect. Thompson^ ' on the other hand
points out that the oral cavity may be eroded by
infection or trauma thus exposing the mitotic cells to
the alpha flux. Furthermore, no one has yet devised a
mechod for determining the thickness of the layers of
material between the tooth and the sensitive cells.

ALPHA RANGE IN TISSUE
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FIG!JRF. 1
ALPHA PARTICLE RANGE IN TISSUE

Therefore, if we assume the Thompson view, it is
important to have a detailed knowledge of the energy
spectrum of the alphas emitted from the prosthesis.
It is the particle's euergy as it leaves the tooth's
surface that will determine how far, if at a l l , it
will enter into biologically sensitive tissue.

APPARATUS

The apparatus used in these measurements (see
Fig. 2) was made up of equipment which was borrowed,
inherited or otherwise obtained from various
researchers at the University of Manitoba Physics
Department. Since we bad no initial funds for
equipment, some Improvisation was necessary.

Valve
1 - Ion pump
2 - Roughing pump
3 - Counting chamber
4 - Target lock

6 - Preamplifier
7 - Pulaer
8 - Amplifier
9 - Multi channel analyzer

5 - Silicon surface barrier detector 10 - Target mount

FIGURE 2
EXPERIMENTAL APPARATUS

. The detector has an active surface area of 20f
a depletion depth of 100 micrometers and no \uort
25 keV FWHM total system noise^ 3'. Of

Alpha particles were detected using an EG&G ORTEC
model TD-25-200-100 silicon surface barrier detec.t̂ r
(SBD). The detector has an active surface area of 20f
mm ,
than 25 keV FWHM total syste
particular importance in the selection of this
detector is the active or depletion depth. HV
micrometers of silicon vill completely stop an alpha
particle with an energy of up to 8 MeV; thus any alpha
from U or any of its daughters will deposit all of its
energy in the detector. However, an electron from one
of these decays would deposit less than 200 keV in
this amount of SI. The energy loss of a photon would
be even less. Thus only alpha particles should be
observed by this detector.

The SBD had a bias voltage of +50V with a leakage
current of less than 400nA during operation. The
charge deposited in the SBD as an alpha particle
passed through it was integrated and converted to a
fast rising voltage pulse by an ORTEC 109A charge
sensitive preamplifier. The signal was then shapec
and further amplified using a spectroscopy amplifier
(eg. ORTEC 572) before being fed into the ADC of the
•mltl-channel analyser (MCA) system operating in pulse
height analysis (PHA) mode. During che course of the
scudy a number of different MCA's were used; the
factor determining which was used was our ability to
obtain the unit on loan for the extended periods
required to conduct these measurements. Checks were
made Co ensure the linearity of each MCA and to match
the system gain with other runs to ensure the ability
to directly compare the data collected at different
times.

A precision voltage pulser could be fed into che
test input of the 109A preamplifier Co check for

EG&G ORTEC Ltd., Oak Ridge, Tennessee 37830, U.S.A.
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shifts in gain, linearity and dead time in the system.
This was checked on a regular basis, usually before
and after each run and more often during particularly
long data collection periods. It was found that gain
shifts were always less than U while no problems with
changes in system linearity or dead time were
observed. Data collected on the MCA was transfered to
the Cyclotron Laboratory's VAX/750 for final analysis
and mass storage. The details of the data transfer
wece dependant on the particular MCA employed.

To eliminate potential problems of the alpha
particles loosing energy by scattering off air
molecules between the tooth surface and the surface of
the SBD, the measurements were carried out in a vacuum
chamber. This also ensured the surface of the SBD
remained clean, thus preventing electrical breakdown
of the detector and alpha energy loss in surface
contamination. The vacuum chamber is a cube with
aluminum walls and a volume of approximately four
litres which was originally part of an alpha
spectrometer used some twenty years ago for the study
of the decay schemes of trans-uranium isotopes and
which was modified to acicomidate the detector and
samples used in this study. Thesystem Is brought
down to a roughing pressure of 10"' Torr using a
liquid nitrogen (LN2) Va.cSorb* roughing pump. Once
at roughing pressure^the chamber pressure is further
reduced using Vaclon ioruzation pumps. Measurements
of the alpha flux are carried oJt wir^ a chamber
pressure of 10"b Torr ot less. At this pressure the
probability of an alpha particle scattering off an air
molecule would be less than 10" per cm path length.

Samples to be studied were inserted into the
chamber through a vacuum lock which could be isolated
from the main cube and independantly pumped down so as
not to have the detector exposed to the atmosphere
during sample changes. The mounted prostheses
(Fit;. 3) were secured on the end of a shaft with a
sliding vacuum seal which allowed for moving the
sample between the chamber and the vacuum lock. With
the shaft fully inserted the sample can be
reproducably positioned 8 am from the face of the SBD.

The mounting and collimation system for the dental,
prostheses is shown in Fig. 3. Samples were mounted
in 12.7 nus lengths of square cross section nylon
tubing having an internal dimension of 12.3 mm and a
wall thickness of L.9 mm. Over one open end ot the
tubing is mounted a lead foil 1.0 mm thick with a
5.055 mm diameter hole punched out at the center or
the foil. The prosthesis is mounted inside the
tubing, directly behind the hole in the foil with its
labial surface expoBed. It is held in place using
sticky dental wax. The mounted prosthesis is then
secured at the end of the target shaft. Care is taker,
to ensure that the sample is mounted in the same
orientation for each run.

DATA MEASUREMENTS

241Am Calibration Source

1 31 aw IB 3 00 3 81 «,4 ,'g)

ALPHA ENERGY (UeV)

226Ra Calibration Source

3.0» 3.'«l "i.'ii '*.'£>
ALPHA ENERGY

FIGURE 4
CALIBRATION SOURCES

FIGURE 3

V a n a n Vacuum
U.S.A.

Products Division, Palo Alto, CA,

The system was calibrated in terms oS energy using
- 'Am and 226Ra alpha calibration sources. The
sources were mounted in a blank prosthesis mount with
the source surface being in the exact position of the
exposed labial surface of a sample. This allowed for
identical geometry to be used during system
calibration and data collection. The sources provided
four calibration peaks between 4.7? and 6.00 MeV (see
Fig. 4) which were fitted using a linear least-squares
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regression analysis. For data collected
channel regions the energy calibration was

into 256

Ealpna-(2.43xl0"
2 x CH.NO.) + 4.92X10"3 MeV

with a confidence of fit of 0.9995. Tests with a
precision pulser showed this calibration te be highly
linear and reproducable over the time during which
these experiments were conducted.

Because of the low count rate, it waa extremely
important to determine and, as much as possible,
reduce all electronic noise and sources of background
radiation which would appear in the speccra as
legitim.te alpha particles from the prostheses. It
was found that nearly all electronic noise appeared in
the spectra in Che area corresponding to alpha
particles with less than 1.5 MeV energy. This was
attributed to thermal noise in the SBD and associated
eleccronics. It may have been possible to reduce this
noise by using a liquid nitrogen cooled detector, but
the the cost of such a detector, the LN2 cooling and
the modifications to the chamber which would have been
required would be prohibitive. On the other hand, one
can convincingly argue chat in calculating the dose to
oral tissue (which is the eventual aim of this work)
alpha partic'ss with energy of less than 1.5 MeV will
make no contribution to the total dose since a
particle with that energy would be stopped by even the
smallest layer of plaque and saliva one could imagine
and thus would not reach the tissue (see Fig. 1).
Data corresponding to aa energy of less than 1.5 MeV
was therefore eliminated using a software cut in the
final data analysis.

Electronic noise in the region of the spectra abov.-:
1.5 MeV may be reduced by careful choice of
electronics and cables, It will not be possible to
eliminate all noise however, and it is necessary to
carefully quantify that which remains with careful
background measurements.

The background was measured by counting with:
1) the target probe removed from the chamber, 2) Che
target probe inserted without a sample, 3) the target
probe inserted containing a blank prosthesis holder
and 4) the target probe inserted containing a sample
which had been covered with 0.1 mm of Al foil to stop
any alphas reaching the detector. The results of all
tests were the same within statistical variation. The
background count rate was found to be (O.33+/-O.O5)cph
with a flat energy distribution in the region of
interest between 1.5 and 5.0 MeV. The upper limit of
5.f) MeV is determined by Che energy of the most
energetic alpha particle one would see from a U
isotope or one of their short lived daughters'1''.
The background spectrum is shown in Fig. 5.

Background not due to electronics will be due to
natural background radiation. Because of the 100
micrometer thickness of the SBD and the energy and
particle types in cosmic radiation, it is possible to
say that the background is due to terrestrial sources;
in particular radon gas and its daughters. The room
in which these studies were conducted has an unpainted
concrete floor, one unpainted concrete wall, one
cinder block wall and a ventillacion system that
leaves much to be desired.

would expect fairly high radon
ent^l*'. Since the vacuum pumps

gases''15V

Because of this one wou
gas levels to be presen
used are very inefficient In pumping noble
one could ar best expect the Rn concentrations in Che
chamber to be reduced by a factor of 10^ compared to

in the room, one would expect at least 3x10" Bq ot
activity :.n the chamber due to Rn and its daughters
since on average each of three daughters rapidly
emitts an .alphâ  '. Assuming the SBD sees 10% of the
activity, one can attribute U4xlO"1counts/hr/MeV Co
Rn gas.

BACKGKOUND ( i t - 3 / •/•q <n*n)

» ZX 108 3<U 4 U « M g , | 5 71

ALPHA ENERGY IMeV)

FIGURE 5
BACKGROUND StECTRUM

This number is in agreement with the data obtained
above l:he alpha cutoff of 5.0 MeV. Table 1 shows the
count rate per unit energy interval for the energy
range 5..0 to 6.23 MeV (6.23 MeV was the upper limit of
the ADC) for the background runs, samples "C" and "4"
and for the energy range 1.5 to 5.0 MeV in the
background runs. One can see that with the exception
of the data for C, the results area all within one
standard deviation of a background figure of
.11 alphas/hr/MeV. Thus most, if not all, of the
background counts can be attributed to Rn gas and its
daughters.

RUN

BKG

BKG

"C"

"4"

TABLE I
BACKGROUND

ENERGY RANGE

1.5-5.0 MeV

5.0-6.23 Mev

5.0-6.23 MeV

5.0-6.23 MeV

COUNTS/HR/MeV

0.94X10"1

0.88X10"1

1.60X10"1

1.12x10"'

Estimated backround from "^2Rn and daughters is

1.4x10

the room. With Rn concentrations of about
to

Thi measurements described in this paper were
conducted on two prostheses which were coded as
samples "C" and "4" so that the person conducting the
experiments did not know anything of the tooth's
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niscory. The prostheses were anterior teeth and were
made of Trubyte porcelain types 42G-LO9 and 42H-104
tor samples C and 4 respectively. Data were collected
for perolds ranging from 46 to 120 hours at a time for
a -.otal of 310 hours in four runs for C and 238 hours
in three runs for 4, During data collection the
chamber pressure, the SBD leakage currenc and the
stability of the electornics were monitored every few
hours. Intermediate results were also recorded at
tiiese times so as to ensure that not all the data for
a given run would be lost should something go wrong.
In order to detect possible long tena systematic
errors, runs of the two samples, and, various background
tests were alternated randomly over the period during
which the studies were conducted.

RESULTS

LSI 2. Ot 2.56 3.09 3. (Ji 4. (4

ALPHA ENERGY (UeV)
i.« 3.19 5.71

One sees from the scale, xlO~3 counts/hr/mm2, that the
count rate was found to be very low.

It should be noticed that although Che figures shou
data for alpha energies up to 6.23 MeV, for the
purpose of analysis of emissions from the dental
porcelains only data up to 5.0 MeV is considered. Any
alpha particle with an energy above 5 MeV could not
come from uranium or any of its products which wt
might see decayui'. As discussed previously, daci
above this energy is background assumed to be largely
due to "^Rn. It is shown in these figures for
comparison purposes and to emphasize the problems that
were encountered with background.

One can see that despite over 500 hours of
collecting data on the cwo samples, there remains tor
little data to enable one to make any statements
concerning any possible structure in the energy
distribution of the alphas. In fact, Figures *
include background counts, since a backgrounc
subtraction would not have been statistically valid or.
a channel by channel basis. The best one can say at
this point is that to first order the samples showed a
flat energy distribution. However, this in itself is
an important initial result since no previous study
has presented any energy information of any sort.

Being unable to get complete energy information, it
was decided to sum the data over the region of
interest, ie. between 1.5 a.nd 5.0 MeV. A summary ot
this data is shown in Table 2.

TABLE 2
DATA SUMMARY

Sample

Time(hrs)

Counts1^

Counts/hr

Counts Air
over bkg

"C" "4" BKG

310 238 163

200+/-14* 203+/-14 54+/-7

.65+/-.05 .85+/-.06 .33+/-.O5

.32+/-.07 .52+/-.08

Normalized Count Rate
(xlO~2cnt/hr/mm-)

(3.2+/-.7) (5.2+/-.8)

Total counts between 1.5 and 5.0 MeV

*+/-<counts1 / 2)
I. SI ^ 0 4 2.3S 3.00 3.8

ALPHA ENERGY (MeV)

FIGURE 6
NORMALIZED ALPHA SPECTRA

The results ot these gteasucemencs ste shewn in
Fig. ft. The data has been normalized to take into
account counting time, the solid angle subtended by
the SBD and the surface area of exposed prosthesis.

U.S.A.
Trubyte Dentsply, York, PA.,

Since it was not thought that a rigorous
statistical analysis was a useful exersise for data of
this quality, uncertainties are simply expressed with
66Z confidence levels as plus or minus the square root
of the total counts in the region of interest. This
resulted in uncertainties in the final data of the
order of plus or minus 20%. This may be assumed tc
include systematic errors which are estimated at less
than 5%.

One can see that despite shortcomings in the data
resulting from the low count rates, the summed results
over the region of interest are statistically valid.
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Alpha particles with energies corresponding to those
expected from a source of uranium imbedded in a
self-absorbing source were observed with a low, but
stastically significant count rate which was clearly
greater than the count rate expected and observed for
background counts due to electronics and natural
background radiation.

COMPARISONS WITH PREVIOUS RESULTS

It is difficult to compare the data obtained in
this work with that of previous studies* In no
previous work was an attempt made to obtain alpha data
using a system which could uniquely identify alpha
particles and provide information on their energies.
In fact, although a few studies mention that some
particle counting was carried out, only T h o m p s o n ^
presents any data with which this study may be
compared. Any comparison* however, would not be a
direct one since the studies used different samples
from diffprent manufacturers.

Thompson used a gas filled proportional counter in
his study but provides no information on factors such
as detector window thickness, detector size and gas
pressure, all of which will affect the energy range of
alpha particles observed. His results are presented
as net counts (one assunes corrected for solid angle)
per hour per unit area, fl-ls count rates ranged from
statistically insignificant to as high as
0.7 counts/hr/mm with a mean value of
0.27 counts/hr/mm . In comparison, the present study
observed between 0.03 and 0.05 counts/hr/mm ; about an
order of magnitude below Thompson's mean value but
within the lower range of values reported in his work.
Despite this, one must be very careful in making any
comparisons between the data from the present study
and that of Thompson because of the differences in the
samples studied and the techniques used.

SUMMARY

Preliminary results of a study to determine the
alpha flux from dental prostheses were presented.
Data obtained for two samples showed low, but
stastically significant count rates oi
(3.2+/-0.7)xl0";counts/hr/mm* for samples "C" and
(5.2+/-0.8)xl0 counts/hr/mm for "4" £or alpha
particles with energies between 1.5 and 5.0 MeV.
Because of the low count rates it was vital to
quantify and attempt to reduce all sources of
background. The background count rate was observed to
be 0.1 counts/hr/MeV with a flat energy distribution
between 1.5 and 6.23 MeV. An investigation of
background sources indicated that most of the
background was likely froo the decay of Radon gas.

A comparison of the data wit!t that of Thompson, the
only other work where count raL<ss were reported, was
not strictly possible because of differences in
samples, detectors and techniques. Thompson's
reported count rates, however, (which may not be
corrected for background) are on average an order of
magnitude higher than those reported here.

In conclusion, while tti6 ttumt latea ofeaat-iftd ate
obviously very low, it must be remembered that the
average wearer of dental prostheses uses them for an
average of sixteen hours per day. The upper anterior
teeth, which are in almost constant contact with the
upper lip, have a Labial surface area of the order of
50 mm". Assuming a flat energy distribution, this
would mean that In one year over 7x10* alpha particles

would be emitted with energies greater than 3 MeV and
which would have a finite probability of reaching the
radiosensitive basal layer of cells. This could
represent a potential biological hazard. We woulc
therefore join with the authors of other studies in
calling for a halt to the practice of adding uranium
to dental porcelains.

Plans call for the present study to be extended to
include samples produced by different manufacturers
and to measurements of the gamma and beta fluxes.
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ABSTRACT

The components of a large field-of-view gamma ray
imaging system based on a multiwire proportional cham-
ber and a pinhofe coliimator have been investigated
both by analysis and experiment. The results of
laboratory-scale testing indicate that the system
response is calculable, and suggest that a full-scale
prototype should be capable of spatial resolution bet-
ter than 170 cm at 15 m from the source-plane and
should possess a detection efficiency of the order of
0.5 percent. This performance meets or exceeds the
operational requirements suggested for such an imaging
system.

INTRODUCTION

The operator of a nuclear generating station or
other facility handling radioisotopes requires data on
the locations and strengths of distributed radioactive
sources. Such information is valuable in routine oc-
cupational radiation dose management, spent-fuel
safeguards and management, and large-scale source
monitoring during or following dispersal in an ir-
regular operating event.

Traditional radiation survey techniques may not
prove adequate as the intensity and magnitude of the
source dispersal becomes very large. The two-
dimensional gamma ray imaging system described below
is proposed on the basis of extensive development
work. The system is a portable and versatile method
of providing either a quick assessment of the source
distribution or a detailed analysis of the radiologi-
cal situation.

The concept of the proposed system evolved from a
progression of development work (1,2,3) on a large
field-of-view gamma ray imaging system based on a mul-
tiwire proportional chamber (MWPC) and a pinhole
collimator.

This paper presents the assessment of the perfor-
mance of the various components of the system and ex-
trapolates the results of laboratory-scale testing to
the performance of a full-scale prototype imaging
system.

*Now with: ECS Energy Conversion Systems Inc.
1400-85 Albert Street
Ottawa, Ontario
KIP 6A4

THE CONCEPT OF A GAMMA CAMERA BASED ON A MWPC

Requirements

Potential users of a large field gamma ray imaging
system have suggested the following operational
requirements:

(1) Photon imaging in the energy
1.5 MeV.

range 0.3 to

(2) Resolution. Source-plane resolution better
than 100 cm at 15 m from the source-plane,
e.g. while viewing a full reactor face of
radius 12 m; resolution better than 50 cm
may be required under special conditions.

(3) Large field-of-view; e.g. imaging of a full
reactor face. Operational reduction of the
field with corresponding improvement 'n

resolution is acceptable.

(4) Good contrast capability; to detect
spots in a distributed background.

hot

(5) Ruggedness; withstands adverse conditions of
temperature, humidity, radiation ana
mechanical shock in the worst anticipated
operating environment.

(6) Short acquisition time and immediate display
of results.

(7) Ease of operation;
computer aided
interpretation.

robotic manoeuvrability,
image recording ana

A Gamma Ray Imaging System Based on a MWPC

The present study has focussed on the use of a MWPC
and a pinhole collimator for imaging. This selection
is Based on the operational requirements ano
familiarity with the characteristics of MWPCs.

MWPCs possess good imaging capabilities, acceptable
detection efficiency and are mechanically rugged.
When coupled with a pinhole collimator, good source-
plane resolution and a large field-of-vi«w can be
realized.

In the system as conceived, the source-plane
ohotons are focussed onto a converter using a pinhole
collimator. A converter is required since the detec-
tion efficiency of a gas-filled MWPC alone is too low
to oermit rapid imaging of the source-plane. Follow-
ing detection in the MWPC, the spatial information is
encoded within the detector readout mtchanism. Signal
orocessing and computerized data acquisition ana
storage provide immediate display of the radiological
data.
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These system components are shown schematically in
Figure 1. Further discussion of the system
components, with emphasis on those studied in suO-
seauent analysis and experiments, is given below.

The Pinhole Collimator and Shielding. Gamma ray imag-
ing is accomplished using a configuration in which
source (plane) photons pass through a thick, heavy-
metal pinhole collimator and strike the MWPC
converter. The collimator serves both to define the
field-of-view of the imaging system and to image the
sources on the detection plane. The ability of the
shielding surrounding the MWPC to suppress background
radiation and of the pinhole collimator to focus the
gamma rays depend on the incident photon energy, and
determine both the imaging contrast capability and the
source-plane resolution of the system.

The MWPC Detector and Converter. Photon interactions
in the mylar converter serve as the source of the
electrons actually detected in the MWPC. Mylar was
selected as the converter material since low atomic
number materials yield the best spatial resolution
(.1.2). The detection processes involved in MWPCs are
similar to those in conventional gas-filled propor-
tional counters. Two-dimensional imaging is ac-
complished in MWPCs by ensuring that at least two of
the electrode planes are wire planes and are
orthogonal. A solid outer cathode type MWPC was
selected for experimentation due to its superior imag-
ing and mechanical properties (1).

Signal Processing and Data Acquisition. Spatial in-
formation from the wire planes of the MWPC is encoded
using the RC-delay line technique and Nuclear Instru-
ment Module (NIM) signal processing electronics. A
time-to-digital converter (TDC) and appropriate
software were specially developed to enable a PDP-11
mini-computer to be used for image data acquisition
and storage, and for image manipulation and enhance-
ment (3). Figure 2 presents a block diagram of the
RC-delay lines. NIM electronics and the TDC.

Pre-Amp TSCA
Slop X

21

3

Conv«rttr(i)

0»ttcWf(2) Signal Data
and Readout Processing Acquisition

Mechanism! 3) Electronics and Display

Sourer Pinnate
Plan* Collimator

and Shielding

Figurt 1 Scntmatic of tnt Elements of a
Large Field Gamma-Ray
Imaging Systtm

(rom
Gate ,

Pre-Amp SCA Generator!

Start Y

I I I | 1 I I

O u t 1

1 > Strobe to
Computer

2 > Strobe from
Computer

Figurt Z Slock Diagram of the Signal Processing
System for Intrinsic Spatial Resolution

Imaging

TSCA = Timing Single Channel Analyser
TAC s Time to Amplitude Converter
PHA a Pull* Heigh* Analyier
SCA = Singlet channel Analyser

ASSESSMENT OF PERFORMANCE OF SYSTEM COMPONENTS

The design effort has concentrated on the three
main system components described above. Details of
the assessment of the performance of each are giver
below.

The MWPC Detector and Converter.

The MWPC is characterized primarily by its detec-
tion efficiency and intrinsic spatial resolution ir
imaging gamma rays. These are in turn a function of
the geometry of the MWPC and the converter material
and of the incident photon energy. In order to pre-
dict the detector response as a function of these
parameters, a combined photon and electron transport
computer code was devised. A sophisticated multiple
electron scattering analysis (4.5) was employed in the
code to provide an accurate simulation of the electror
transport process.

Figure 3 presents the results of the multiple
electron scattering analysis in comparison to an ear-
lier analysis which assumed the electrons follow
straight line trajectories (2)- In contrast to this
earlier work, the more recent analysis indicates that
detection efficiency can only be improved at the ex-
oense of spatial resolution.

Table 1 compares the results of these calculations
to experimental observations. An excellent agreement
was obtained between the calculated and measured
detection efficiencies. For equilibrium thickness
converters, i.e. corresponding to a thickness of about
70 percent of the maximum Compton electron range in
the converter material, the calculated and measured
spatial resolutions show good agreement. The dis-
crepancy observed in Table 1 with the use of a thin
converter is due to experimental difficulties encoun-
tered in attempting to measure the response of thin
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converters in spatial resolution tests using a knife-
edge lead absorber.

This good overall agreement indicates that the com-
puter code may be used to aid in the design of sub-
sequent MWPCs or other gamma ray imaging detectors
possessing slab geometry.

TABLE 1

COMPARISON OF MEASURED AND CALCULATED

PERFORMANCE OF MWPC WITH MYLAR CONVERTER

Photon Converter Detection Efficiency Spatial Resol.
Energy Thickness

Measured Calculated Measured Calc.
(MeV) (cm) (%) (%) (cm)

0.662

1.25

0.05
0.10
0.20
0.10
0.20
0.25

0.29+0.02
0.36+0.03
0.36+0.03
0.57+0.07
0.85+0.10
0.82+0.10

0.31
0.39
0.39
0.S6
0.80
0.88

3.
2.

2.

14+0.
21+0.

-
-

11+0.

10
10

10

2.
2.

2.

04
11
-
-
-
12

The Pinhole Collimator and Shielding

The source-plane resolution of the imaging system
is limited more by the geometry and composition of the
collimator than by any other factor. For example, in-
complete attenuation of the source gamma rays
penetrating the edges of the pinhole collimator will
degrade the spatial resolution by increasing the total
image area, and will also result in a poorly defined
image.

Simulations of photon transport in the shielding
and collimator were carried out in order to study the
variation of image definition and source-plane resolu-
tion with the pinhole radius, pinhole composition ana
incident photon energy. The pinhole geometry is
shown in Figure 4, where the collimator angle theta
was defined by the required field-of-view and the
source-plane to pinhole separation.

Table 2 presents some results of the collimator
performance simulations assuming an intrinsic MWPC
spatial resolution of 1.0 cm. As expected, for a
given pinhole radius, the source-plane resolution and
image definition are best at the lower energy and for
the more effectively attenuating depleted uranium
collimator. Further, the source-plane resolution is
roughly independent of the pinhole radius in the range
0.5 to 0.8 cm. A pinhole radius of 0.7 cm for both
the uranium and tungsten collimators and at both inci-
dent photon energies studied was thus judged to yield
the best combination of resolution and image
definition. Validation of these simulations is dis-
cussed below.

The shielding tnickness assumed in the study was 10
cm. This thickness should limit the background flux
at the detector surface to less than 1000 photons
cm ~'s~l for a total source-plane activity of 50
Curies at 15 m from the detector (pnoton energy less
than 1.25 MeV) (2). When combined with the MWPC
detection efficiency, the maximum background flux can
be used to estimate the ability of the system to dif-
ferentiate between source signal and background. This
is called the contrast capability of the system.
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Figurt A Pinhol* Collimator Otsign
For Imaging Gamrrta-Rays

Electronic Readout and Signal Processing

The performance of the MWPC is dependent on the
anode potential, the magnitude of the resistors usea
between each wire pair on the imaging planes ana on
the amplifier time constants. Table 3 summarizes Che
operating parameters found to yield the best overa)';
imaging performance for the particular solid outer
cathode MWPC used in the experimental work.

Table 4 summarizes the performance of the dedicated
TDC and the data acquisition and storage software.
The time required to store a valid image point limits
the maximum data rate to about 8000 events per second.
This limit poses no real restriction however, since
earlier work (3) has shown that the MWPC spatia!
resolution slowly degrades with increasing count rate.
and that a count rate of 7000-8000 events per seconc
is a practical upper limit in terms of resolution.

TABLE 3

TABLE 2
MWPC OPERATING PARAMETERS

RESULTS OF COLLIMATOR PERFORMANCE ANALYSIS

Pinhole Pinhole Calculated Source Image Definition
Material Radius Plane Resolution Parameter*8)

(cm) (a)(b)(c)(d)
(cm) 0.8 MeV 2.0 MeV 0.8 MeV 2.0 MeV

Parameter Value

Anode Potential 3070 Volts

Depleted

Uranium

Tungsten
(90%)

Iron(10%)
Alloy

Notes:

(a)

0.5

0.6

0.7

0.8

0.5

0.6

0.7

0.8

82

82

85

91

d6

96

96

96

Source-plane

130

-

-

130

144

-

-

144

resolution

0.55

0.79

0.99

1.0

0.32

0.46

0.64

0.84

calculated

0,

0.

0.

0.

0.

0.

0.

0.

for

.14

.20

,26

.36

10

15

19

27

a

Amplifier Time
Constants

RC Delay Line
Resistance

Anode: 5 ̂s
Cathode: Z JJS

33 ohms per
each of 200
wire pairs
used in
readout

Comment

-spatial resolutior
may improve with in-
creasing potential,
but energy deposi-
tion informatior
degraded at higher
voltages

-yields an intrinsic
spatial resolutior
of 0.5 cm or twc
wire spacings wfier
imaging x-rays

-spatial resolution
may improve with in-
creasing resistance,
but count rate cap-
ability of MWPC de-
grades as T = RC in-
creases

(b)

(c)

(d)

(e)

source at centre of source-plane.

Assumed pinhole to source-plane separation
= 1500 cm

Radius of field-of-view 1200 cm

Assumed intrinsic spatial resolution for im-
aging gamma rays = 1.0 cm

The image definition parameter is a measure
of the ability of the collimator to at-
tenuate gamma rays penetrating the edge of
the collimator. For a perfectly well-
defined image this parameter is equal to
one.

TABLE 4

PERFORMANCE'31 OF THE DATA ACQUISITION

AND STORAGE SUB-SYSTEM

Respond to interrupt.display image point 380 >is
Respond to interrupt,store valid image point 115 ps
Respond to interrupt, ignore invalid image point 6 0 ^
Generate perspective image from stored data 15 s
Fourier transform of image 50 s
Spatial frequency filtering of transform 6-50 s
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Laboratory-Scale Demonstration

A laboratory-scale test of the integrated system
components was performed. The solid outer cathode
MWPC was equipped with a 0.25 cm mylar converter, and
placed behind a leaa shielaing wall. An available
lead pinhole collimator of radius 0.9 cm was used to
test the collimator performance simulations. The spa-
tial information processing scheme as described above
was employed, and the ease of gamma ray image process-
ing using this scheme was investigated.

Taole 5 summarizes the imaging test results. An

excellent overall agreement was obtained between the

calculated and observed spatial resolutions, indicat-

ing that the system components possess an adequately

calculable response for imaging gamma rays. The

electronic readout and signal processing scheme was

also found to be an effective and versatile means of

exploiting the MWPC's imaging capabilities.

The performance characteristics shown in Table 6
meet or exceed the operational requirements suggestec
for such a system. The prototype is capable of imag-
ing gamma ray sources lying within a circle of radius
12 m at 15 m from the detector. The contrast:
capability and image accumulation time are such that a
hot spot giving 1000 area per hour at the source-plane
should be identifiable within a few minutes counting
time in an extraneous field of 1000 mrem per hour at
the camera location. The spatial resolution obtainec
is of the same order as that required, and could be
improved if the field-of-view of the system can be
reduced (1).

TABLE 6

Photon

Energy

(MeV)

0.662

i .25

Hotes:

(a)

(b)

(c)

(d)

(e)

TABLE 5

COMPARISON OF MEASURED AND CALCULATED

SOURCE PLANE RESOLUTION IN LABORATORY

SCALE TESTING (a)> <*>)• lc)> <d)

Source-Plane Resolution
Measured Calculated

(cm) (cm)

9.0 9.1

12.0 12.0

Converter Thickness = 0.25 cm

Lead Pinhole Radius = 0.9 cm

Collimator Angle = 39°

Intrinsic spatial resolution for imaging
gamma rays = 2.1 cm (as per TABLE 1)

Measured source-plane resolution refers to
source plane separation yielding clearly dis-
tinct images.

PERFORMANCE OF A FULL-SCALE PROTOTYPE

Based on the results of the extensive component
analysis and testing summarized above, the optimized
performance of a full-scale prototype has been es-
timated and is shown in Table 6. The detection ef-
ficiencies measured at 0.662 and 1.25 MeV were used to
estimate the contrast capability and image accumula-
tion time for 0.8 and 2,0 MeV sources respectively.
An intrinsic MWPC spatial resolution for imaging gamma
rays of 2.1 cm, as measured at 1.25 MeV, was assumed
for both photon energies shown in the table.

EXPECTED PERFORMANCE OF A LARGE

FIELD-OF-VIEW GAMMA RAY IMAGING SYSTEM

Pinhole Collimator Radius 0.7 cm (depleted

uranium)
Shielding Thickness
Converter Thickness
Pinhole-Source Plane

Separation

Radius of Field-of-View
Intrinsic MWPC Spatial

Resolution

Detection Efficiency

Source Plane Resolution

Contrast Capabi1ity'a)

Image Accumulation Tima'*3' 300 s

9.8 i
0.25
1500

1200

2.1

:m

cm
cm

cm
cm

30.8 MeV

0.004(d>

125

0.11

300 s

cm

Ci

(lead)
(mylar)

(32.0 MeV

0.008'c;

170 cm

0.08 Ci

150 s

Notes:

(a)

(b)

(c)

id)

For 95% certainty of observing the source in
a background of 1000 photons cm' 2s' : after
image accumulation for 180 s.

Time to acquire 255 events per image pixel
for a I Ci source,

Based on measured detection efficiency 9 12
MeV.

Based on measured detection efficiency @
0.662 MeV.
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POSSIBLE SYSTEM REFINEMENTS

A number of refinements to the gamma camera system
to increase its versatility are possible. These
include:

(1) Provision of <tase rate infarmatian. The
tissue-like response of myar to gamma rays
and the ability of a MWPC to measure the
energy deposition within the chamber make
possible the Ability to extract dose-rate
information as well as source strength
information.

(2) Stereoscopic imaging. Through the use of
spatial information obtained at more than
one camera location, it would be possible
to reconstruct a three-dimensional map of
the radiological conditions in a given
volume.

(3) Advanced data acquisition and storage
mechanisms. Wich recent advances in micro-
computer technology, it is now possible to
use a micro-computer in place of the POP-11
mini-computer. Such a substitution would
result in substantial eost-savings. Further
hardware advances also enable faster image
acquisition and manipulation, as well as the
overlay of colour graphics on a digitized
optical image of the field-of-view to aid in
the interpretation of the radiological
information.

(4) Mechanical arrangement. Refinements in the
mechanical arrangement of the gamma camera
system, particularly with respect to improv-
ing the system portability, are also ex-
pected to be incorporated in any full-scale
prototype constructed.

SUMMARY

A significant advance has been made towards a large
field-of-view pamma ray imaging system based on a
MWPC. The major system components, including the
MWPC, converter, pinhole collimator and data acquisi-
tion and storage sub-system, have been thoroughly
investigated.

The results of laboratory testing have shown that
the individual components possess an adequately cal-
culable response. Moreover, laboratory-scale
demonstrations of the integrated system have indicated
tnat the expected Performance of a full-scale
orototype, as shown in Table 6, will meet or exceed
the design objectives. The design of the prototype
system is thus essentially complete.

Although the gamma camera system was originally in-
tended for use in the large-scale CANDU reactor fuel
channel replacement program, the versatility and
adaptability of the system permit its use in numerous
other applications.
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ABSTRACT

The exploitation of nuclear processes and technol-
ogy for the benefit of Canadians results in the
routine generation of -12 000 m3 of solid low-level
radioactive waste annually. To protect the public
and the environment, this waste must be isolated for
the duration of its potential hazard. In Canada, cur-
rent planning foresees the development and use of a
range of storage and disposal facilities exhibiting
differing containment capabilities. To demonstrate
adequate isolation safety and to minimize overall
costs, the radionuclide content of waste itens must be
quantified so that the radiological hazards of each
waste item can be matched to the isolation
capabilities of specific containment facilities.

This paper describes a non-invasive, waste charac-
terization monitor that is capable of quantifying the
radionuclide content of low-level waste packages to
the 9 Bq/g (2S0 pCi/g) level. The assay technique is
based on passive gamma-ray spectroscopy where the con-
centration of gamma-ray emitting radionuclides in a
waste item can be estimated from the analysis of the
gamma-ray spectra of the item and calibrated stan-
dards .

T.VTRODUCTIOK

The routine operation of nuclear reactors for re-
search and electricity production purposes and the
widespread use of radioisotopes in industrial and
medical applications results in the generation of a
variety of radioactive solid wastes. On a volume
basis, the largest portion of this waste is classified
as Low-level waste (LLW); that is waste items with
levels of radioactivity that require neither shielding
nor cooling during normal handling or transportation
[1]. Typically, such wastes consist of disposable
paper, plastics, wood and cleaning materials which are
loosely packaged in polyethylene bags. In practice,
nuch of this waste contains little if any measurable
radioactivity and in principle a large fraction could
be segregated and disposed of as non-radioactive
waste.

For the past 39 years at the Chalk River Nuclear
Laboratories (CRNL) LLW has been placed into interim
storage facilities awaiting disposal at a later date.
At present, the interim storage facilities contain
approximately 85 000 m3 of LLW [2]. However, as an-
nual waste volumes have increased, it has become evi-
dent that this form of LLW management is not cost ef-
fective and land use efficient. Sy the mid-seven-
":es. LLW handling experience had matured and annual
waste volumes (-.0300 aC'year) had become sufficiently
iargp *.o provide the necessary incentives for alterna-
tive LLW management practices.

At th.it time, a two step progrnm was identified for
improving LLW management at CRXL. Firstly, where

practical, the volume of future LLW would be reducec
prior to storage. This step was realized with the
comaissioning of incineration and compaction equipment
at the Waste Treatment Centre (WTC) in 1982. The in-
cineration and compaction techniques resulted in rasir
volume reduction factors of 187 (31* of site LLW) anc.
7.8 (20* of site LLW) respectively in 1984. Thus, use
of volume reduction techniques has significant;;
reduced the need for new interim storage facilities
for LLW [3,4].

Secondly, as a long term solution, techniques ani!
facilities for the safe and economic disposal of LLV
would be developed. As part of this step, a Waste
Disposal Project was established in 1982 to pioneer
the transition of CRNL managed waste from interim
storage to permanent disposal. Since the bulk of LLV>
presents only a short-lived hazard, the intent is to
optimize disposal procedures by classifying anc:
segregating wastes according to their potentially haz-
ardous lifetimes and to match waste segments to dis-
posal options selected for their isolation and con-
tainment abilities [2,5]. From the outset, a key ele-
ment of the project has been the demonstration of
measurement techniques for the radionuclide charac-
terization of waste items.

Quantitative assays of the radionuclide content of
bulk materials have traditionally been performed via
radiochemical procedures. With this technique, the
radionuclides from a representative sample of the as-
say material are first chemically separated from the
material matrix and then analyzed using spectroscopy
techniques. Chemical separation and purification,
steps are time consuming, expensive, laboratory tech-
niques that are unsuitable for fast routine LLW char-
acterization, where rapid assay of many items with a
minimum occupational radiation exposure and overall
cost is required.

Non-destructive gamma-ray spectroscopy of waste
items has been pioneered in the L'nited States over the
past twenty years by several groups [6.7.8.9]. Orig-
inally, efforts were focussed on the assay of repro-
cessed fuel wastes for the identification of tran-
suranic elements. Recently, with the announcement of
the United States (US) Nuclear Regulatory Commission
(NRC) directive 10CFR61 "Licensing Requirements for
Land Disposal of Radioactive Waste", efforts have been
redirected to the development of assay techniques for
packaged LLW prior to shipnent from the waste gener-
ator to disposal sites [6]. In assaying LLW. most of
which has already undergone volume reduction and pack-
aging to minimize storage and shipment costs, complex
correction procedures are usually required to allow
for the increased sample self-attenuation and density
variation effects.

At CRSL. an alternative approach to LLW charac-
terization by gamma-ray spectroscopy has been taken.
In accordance with the program goals of segregating
wastes according to hazard duration, wastes will be
characterized prior to volume reduction and standard-
ized packaging. Such an approach minimizes assay
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procedures, since a single characterization assay can
be used to ensure compliance with activity admini-
strative targets at both waste treatment and disposal
facilities. In addition, assay procedures are simpli-
fied since self-attenuation and density variation ef-
fects are minimal for such low density wastes. How-
ever, a potential disadvantage of this approach is the
need to assay a greater volume of waste.

BACKGROUND CHARACTERIZATION STUDIES

In 1982, experimental work began to characterize
site generated LLW that was being processed at the WTC
prior to placement in storage facilities. Waste feed
items, on average of 0.04 m volume and 3.9 kg weight,
and packaged in polyethylene bags, were monitored for
total gamma-ray activity and for gamma-ray lsotopic
composition. The results of these assays were then
compared with the results of radiochemical assays of
incinerator ash for verification purposes. The prin-
cipal radionuclides, their half lives and relative
abundances in CR5JL LLW are listed in Table 1. On
average, about eighty percent of the activity is as-
sociated with only five radionuclides: Nb-95, Zr-95,
Co-60, Cr-51 and Cs-137 [10].

TABLE 1: GAMMA-RAY EMITTING RADIONUCLIDES IDENTIFIED
IS CRNL LLW

RACHONUCUDE

Nb-95
Zr-95
Co-60
Cr-51

Cs-137
Ca-144
Zn-65

C«-141
La-140

Ag-110m
1-131

Ru-103
Co-58
Ba-140
Cs-134

Ru-106
F*-59

Sb-124
Mn-54

HALFUFE (DAYS)

35
64

1924
28

10,987
284
244
33
1.7
253
8.1
40
71
13

752
369
45
2.7
313

PER CENTAGE OF
TOTAL ACTIVITY (%)

39.9
16.4
15.0
10.7
7.1
5.0
3.5
2.6
1.9
1.7
1.1
0.9
0.7
0.6
0.5
0.5
0.5
0.1
0.1

From an analysis of the monitoring and radiochemi-
cal data, three main conclusions were drawn. Firstly,
a large fraction of the total gamma-ray activity
(>901>) is concentrated in a small number of waste
items (<10%). This result agrees with past estimates
of waste item activity based on monitoring with port-
able gamma-ray survey meters [11].

Secondly, an acceptable isotopic signature for
shipments of low density waste Items can be obtained
from the monitoring of only the most active waste
items using gamma-ray spectroscopy

Thirdly, non-gamma-ray emitting radionuclides can
likely be estimated with acceptable confidence limits
from the gamma-ray isotopic signature of current wasti
feed; that is. wastes associated with fission fuel
cycles.

MONITORING CONCEPT

Based on the results of these early monitoring
experiments, a decision was made to develop a demon-
stration, non-invasive waste monitor for use at tht-
CRNL WTC. The monitoring concept chosen combines bot:
gross gamma-ray and gamma-ray spectral monitoring
For each waste item, an initial gross gamma-ray ac-
tivity measurement is used to determine the activity
level of the item. Based on this initial activity
measurement, only the most active items are selected
for gamma-ray spectral characterization. At tin-
completion of the monitoring session, the gamma-ray
spectra are analyzed and the radionuclide content of
gamaa-ray emitting isotopes is quantified. Sext. an
estimate of the radionuclide inventory for all items
in a given shipment is estimated by scaling up the
radionuclide content determined for the most active
iteas by a correction factor determined from gross
ganaa-ray pctivity measurements of all shipment items.
Finally, estimates of the activity levels of non-
gaaaa-ray emitting radionuclides can be made from an
exanination of the scaled gamna-ray spectral signature
and radiochentcally determined correlation factors be-
tween non-ganwa-ray and gamna-ray emitting radio-
nuclides for the type of LLW monitored.

DESIGN REQUIREMENTS

At the onset of the monitor development program,
the following design criteria were established to
guide the developers. The monitor should:

be capable of a measurement resolution of
<370 Bq/g (10 nCi/g) for the major isotopes of in-
terest in conformance with the United States
Nuclear Regulatory Commission directive 10CFR61.

be flexible so that wastes of various physical
forms, shapes and sizes can be easily monitored,

permit short assay times per waste item in order
not to impair normal waste handling and processing
procedures.

be capable of being operated by non-specialist
personnel.

provide convenient data accumulation and storage
facilities compatible with the current conversion
of site waste management records to a computer
database.

be designed as a transportable instrument package
to allow convenient use at a nur.ber of assay
sites, and

be assembled from commercially available equipment
wherever possible Co minimize development effort
and to simplify future maintenance requirements.
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EQUIPMENT DESCRIPTION

The waste monitor consists of a partially shielded
enclosure that contains the gamma-ray detection equip-
ment, weigh scale platform and liquid nitrogen storage
dewar: and a single instrumentation cabinet containing
njclear counting and weigh scale electronics, a com-
puter and an interactive terninai for operators. k
block diagram of the equipment configuration is shown
in Figure 1 and a photograph of the monitor during
preliminary testing at the WTC is shown in Figure 2.

The partially shielded enclosure consists of two
2 cm thick lead walls mounted on noveable steel
frames. The walls are normally positioned 60 cm apart
for monitoring small sized waste ite«s such as waste
bags but can easily be reconfigured with greater spac-
ings to accommodate larger sized waste items. A wall
spacing of approximately 1.3 i is shown in Figure 2 to
accommodate the monitoring of a compacted bale of
waste. Such a shielding enclosure was judged neces-
sary to suppress the high background gamma-ray fields
of -I uGy'n (100 yrad/ft) to be encountered at the WTC
monitoring location. The background gamma-ray field
is primarily due to the nearby storage of active waste
items awaiting volume reduction processing.

Two gamma-ray detection svsteaa are acinted on the
shield enclosure frame. For a measurement of the
gross gamma-ray activity of a waste item, two Nal
detectors are mounted in colligated and back-shielded
plugs, one in each enclosure wall. The position of
the detector assembly within the colliaator is vari-
able so that the effective field of view can be al-
tered to accommodate objects of varying physical size.
These detectors are connected to conventional nuclear
counting electronics for count accumulation.

The gamma-ray spectral measurement is made with a
hyper-pure germanium semiconductor detector. This
detector is normally mounted on a crossbar that inter-
connects the two shielding walls and views each waste
item to be assayed from above. The detector is a
portable, multi-axis mount model and can be removed
easily from the crossbar location and positioned to
view the item for assay from alternative views. This
flexibility is illustrated with the stand-mourned
detector configuration shown in the foreground of
Figure 2. A liquid nitrogen dewar with one week cool-
ing capacity is mounted on one side of the shielding
enclosure frame. The detector is interfaced to a con-
ventional multi-channel analyzer (Nuclear Data model
63) positioned an top of the supporting instrument
cabinet.

Between the shielding walls, an industrial weigh
scale is placed for the measurement of the weight of
each item to be assayed. This scale has a range of
measurement from 0 to 100 kg with a resolution of
0.1 kg.

The single, hali'-height instrumentation rack is
normally positioned adjacent to one of the shielding
walls for ready access to the monitoring area for in-
sertion and removal of waste items and control of the
monitor functions from the operator display/keyboard
interface. The display/keyboard interface has been
placed on ton of the instrumentation rack at waist
ievel to facilitate convenient equipment control from
a standing position.

A Digital Equipment. Corporation MICRO-11 computer
controls the system. It is interfaced to the gross
gamma-ray counting equipment via the IEEE-488 inter-

face standard and to the weigh scale and gamma-ray
spectral measurement electronics via RS-232 serial
interfaces. Two additional serial interfaces are used
for connection of the operator console and a data link
via standard telephone lines to the site computing
facility.

The computer is used to perform three main func-
tions. Firstly, it controls the acquisition and tem-
porary local storage of data during a monitoring ses-
sion in accordance with operator commands, Secondly,
data analysis programs for peak identification, back-
ground subtraction, nuclide identification and quan-
tification are executed with the spectral data from
the germanium detector assay measurements. These data
reduction functions are normally performed in a back-
ground mode simultaneously with the execution of
monitoring sequences during an assay session. Third-
ly, the computer is used to establish a communication
channel to the site central computer during the eve-
ning and to control the uploading of daily monitoring
data and their archival in the waste management data
base.

OPERATIONAL DESCRIPTION

The monitor operates under direct control of pro-
cess operators who must manually insert and remove
waste ite«s from the counting position and designate
the waste processing option to be selected for each
item. The operator interface for the monitor consists
of a CRT display for status information and prompting
display, and a keyboard for command and data input.

To perform a given function, the appropriate
routine is loaded from disk into computer memory and
execution is initiated. Throughout the execution
sequence, the operator is prompted to select assay
parameters and/or command options. All prompting mes-
sages display a default value for the particular
response requested. To resume execution, the operator
enters a new parameter or command option or instructs
the program to continue with the default value pre-
viously displayed. All operator inputs are examined
before use to ensure that they fall within defined
ranges. The interactive nature of the routines
reduces the requirements for operator training to a
minimum and eliminates the need to consult written
manuals during normal monitor operation.

The monitor software is partitioned into two
routines.- a monitoring routine and a data trans-
mission routine. The monitoring routine is used to
perform all aspects of assay data acquisition.

The sequence of operations performed in a typical
monitoring session is as follows. Following sequence
initiation, the operator is requested to enter the
current date, time and monitoring location. Next, he
is instructed to install a flexible disc in the com-
puter for backup storage of the monitoring data for
data safety purposes. The routine then offers the
user the ability to tailor the assay parameters for
the monitoring session to the specific requirements of
the waste to be monitored. For example, assay count
durations and the activity level to initiate a com-
plete spectral assay of a given item can be changed
from their default values via a prompt/response
dialogue.

Three calibration measurements are performed next.
Firstly, a calibration check of the weigh scale with
known weights is performed and the zero and gain of
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the scale electronic output is adjusted if necessary.
Secondly, a calibration assay of the two radiation
detector systems is performed using calibrated radio-
nuclide sources in a matrix of waste material repre-
sentative of the items to be assayed. Lastly, an as-
say with the two radiation detector systems is per-
formed, with the monitor position clear of waste
items, to establish an initial activity baseline for
background correction purposes.

The monitor is now prepared to begin assays of in-
dividual waste feed items. The assay of each item
begins with the operator being prompted to load a
waste item onto the weigh scale in the monitor posi-
tion. Following acknowledgment from the operator that
this action has been coupleted, the computer initiates
both a gross and spectral gamma-ray assay of the item
and a measurement of the item weight. After a five
second counting period, the count recorded with the
gross gamma-ray assay system is compared to a pre-
determined counting limit identifying those items for
which a spectral assay is required. If the gross
gamma-ray assay count is greater than the predeter-
mined limit, the spectral assay for the item is per-
mitted to continue to completion, otherwise the
spectral assay for the item is terminated and the par-
tial spectral data .erased. During the assay count
period, the operator is prompted to enter additional
information such as the waste item type, source and
reference labelling to identify the assay data col-
lected. At this point, the operator must select a
waste category in which to route the monitored item.
Current categories in use for bagged waste are
incinerable, compactlble, rejection on physical or
activity properties and too active to monitor. Once a
category is selected, the assay and reference data
for the monitored item are stored in a temporary data
file according to waste category. The routine then
offers the operator the option of monitoring more
waste items or terminating execution.

Following the completion of monitoring a single
item via the CRT display (see Figure 3). This display
provides a summary on the left side of the waste
category designation for previously monitored items,
lists on the right side reference and assay data for
the last item monitored and displays in the lower por-
tion of the CRT operator prompts.

During a monitoring session, assays of the gamma -
ray background are initiated automatically at regular
time intervals via computer control or manually by the
operator via keyboard command. Data reduction of the
spectral assay data is performed, transparent to the
operator, in a background mode simultaneously with the
monitoring sequence.

At the termination of a monitoring session, the
operator is instructed to initiate the data transmis-
sion routine. This routine controls the transfer of
daily assay information to the CRNL site Control Data
Corporation (CDC) 6600 central computer for entry of
the data directly into the waste management database.
The operator can select to initiate the transfer via
an interactive mode on a file (waste category) by file
basis or select an automatic transfer mode where the
data is transferred during evening hours automati-
cally.

Maintenance activities for the monitor consist of
general cleaning of the equipment to minimize the
background effects of fixed contamination and weekly
replenishment of the liquid nitrogen dewar supply.

PERFORMANCE

Although the monitor has not been fully commis-
sioned and evaluated in a field trial, experimental
measurements with monitor subsystems and simulations
of the monitoring sequences have characterized the
limits to monitor performance.
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(1)

(2)

The range and resolution of waste item activities REFERENCES
that the monitor can accommodate is a function of the
source to detector separation, background gamma-ray
activity levels, assay count durations and counting
electronics capabilities. The lower range limit or
resolution can be best expressed by an estimate of the
minimum detectable activity for a given radionuclide.
This quantity is defined as the minlaua activity that
can be detected with a probability of 95* greater than
the pseudo-activity due to random natural variation of
the background. For a background activity level of
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IDENTIFICATION OF IODINE SPECIES RELEASED FROM FUEL USING A COMMERCIAL VOLATILE RADIOIODINE SPECIES SAMPLER

D.R. MCCRACKEN

Atomic Energy of Canada Limited, Research Company

Chalk River Nuclear Laboratories
Chalk River, Ontario, KOJ 1JO

ABSTRACT

Experiments have been carried out to verify the
manufacturer's claims (1) for an "iodine species"
sampler which differentiates between I2, CH3I and
HOI, the main volatile forms of iodine expected in
nuclear installations after radioactive releases from
fuel. This sampler consists of five components: a
filter paper to retain particulates; Cdl2 on a
matrix of chromosorb-P to retain I and 13?
iodophenol on a matrix of activated alumina to retain
HOI; 30-50 mesh silver zeolite for CH3I; and lastly
40-50 mesh TEDA-impregnated (57.) charcoal to capture
any iodine Which escapes the preceding filter
elements.

Calibration experiments used radioactively
labelled CH3I and I2. 95.4? of the methyl iodide
was trapped in the silver zeolite, and 872 of the
I2 in the Cdl2. These figures are almost
identical to chose of the manufacturer.

The sampler has been used to measure Che iodine
species released during oxidation in air of
irradiated U02 fuel fragments, and Pickering
elements. The identification of I2 as the volatile
form of Iodine seems certain and logical since >932
of che released iodine was trapped in the first
elemenc of the sampler and little penetration
occurred beyond this.

The only fission produces ever observed downstrean
of a sampler have been che noble gases, and even
these ate trapped \î> to 5,0% W) the. ctvatco&L bacit-'ip
carcridge operating ac room temperature.

In conclusion, che iodine species sampler performs
very well and up Co specifications for separating
I2 and CH3I. It has been found extremely useful
in preventing radioactive iodine releases from
apparatus during destructive oxidation of fuel in hot
cells.

This sampling system has been used to differen-
tiate between organic and inorganic iodine in nuclear
installations including TMI (2-4). At CRNL it has
been used to monitor iodine releases during che
oxidation of irradiated fuel in air. Under these
conditions HOI is not expected since it is a produce
of the hydrolysis of I2 in alkaline pH water.
Problems of making a positive identification of HOI
have been recently discussed (2,5). All that is
certain is that an inorganic form of iodine of
valence one can be formed when I2 is hydrolyzed.
The partition coefficient is probably >104.

In this paper results are presented and compared
with manufacturer's data for I2 and CH3I.
Further studies were then made of iodine released
from irradiated Te, fuel fragments and a Pickering
fuel element.

EXPERIMENTAL

Radioactive I2 "as prepared by irradiating a few
Bg of high purity tellurium (Johnson Mathey) in the
hydraulic capsule facility of NRX, to give a mixture
of iodine in tellurium. Neutron capture by Te-130
gives Te-131 which decays to give 1-131. The irradi-
ated tellurium was sealed in the glass sidearm of a
glass tube through which argon flowed to che species
sampler. The "Tel2" was heated (in Che sidearm)
using a gas torch to induce decomposition to Te and
I, at ~400 K (6). Two carrier free experiments
were carried out, then in the third experiment excess
I 2 was added to ensure that the 1-131 became bound
in I2 by exchange.

1-131 labelled methyl iodide was obtained from
I.C.N. This was injected through a rubber septuo
into an argon stream flowing directly to the species
sampler.

Experiments to measure iodine releases during
oxidation of U02 are described elsewhere (7).

INTRODUCTION

The chemical form of iodine released from fuel
during oxidation has been measured after verifying
manufacturer's claims (1) for an "iodine species"
sampler which differentiates between I2, CH3I and
"HOI", che volatile forms of iodine expected in
nuclear installations after radioactive releases from
fuel. This sampler coflsiscs of five components: a
flicet aa.net to retain, parciculates i Cdl^ an, a.
matrix of chromosorb-P to retain I and I2;
iodophenol on a matrix of activated alumina to retain
HOI; 30-50 mesh silver zeolite for CH3I; and lastly
40-50 mesh TEDA-impregnaced (530 charcoal to capture
any iodine which escapes che preceding filter
elements. The sampler is marketed by RADeCO/SAI of
San Diego.

RESULTS

In no experiment has iodine been confirmed as
passing through a sampler*

METHYL IODIDE

The. followtoR disc.ribu.tlon of iodine was observed
when mechyl iodide was injected into a sampler using
an airflow of 30 mL/min for 1| hours chen 1 L/min for
a furcher 3 hours.
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Filter

Paper
Cdl 7

Iodophenol
kg Zeolite
Charcoal

Particulate

H
HOI

Backup

X Iodine Trapped

0
0
2.8

95.4
1.8

No rediscribution occurred after the first period of
1* hours.

Good selectivity is shown i.n that only 4% of the
methyl iodide was absorbed by traps other than that
specific for methyl iodide• The manufacturers claim
chat less than 0.02% will be absorbed by preceding
filter elements. This is obviously too optimistic,
but the results are nevertheless impressive.

Results are given in this section for an
experiment in which radioactive I2 was volatilized
by heating irradiated tellurium with excess crystals
of I 2. The iodine distribution in the sampler was
as follows:

Filter

C d l 2

Iodophenol
Ag Zeolite
Charcoal

Species

HOI
CH3I
Backup

Iodine Trapped

86
6
6
0

.6

.6

.2

.6

Remarkably good agreement is obtained with the
manufacturer's efficiency of 87.3 +_ 4.5%, for I2
generated from aqueous solution by neutralizing an
acidic solution of iodate.

TELLURIUM IODIDE

The inicial experiments aimed ac checking the
selectivity of the filters to small quantities of
I2, produced some interesting results. Carrier
free iodine was prepared by irradiating Te, which was

"Tel4" -. Te 2 I2

The following results were obtained.

Filter Species 3 Iodine Trapped

Cdl2

Iodophenol
Ag Zeolite
Charcoal

HOI
CH3I
Backup

1.4
5.3
5.2

88.1

Rather than producing 13, it appeared that a
penetrating volatile and unreactive compound of
tellurium and iodine was volatilized. The chemical
filters were unable to react with Che halogen.

In order to check this, the experiment was
repeated but the irradiated tellurium was heated raor
strongly to induce greater decomposition to the
elements.

The following results were obtained.

Filter Species % Iodine Trapped

Cdl2

lodophenol
Ag Zeolite
Charcoal

HOI
CH3I
Backup

27.0
42.4
30.6
0.06

The iodine was now in a form more amenable to
chemical trapping but was still at most 27% I2-
This did not provide a check of the selectivity or
efficacy of the system for 12*

IODINE RELEASED FROM A DEFECTED FUEL ELEMENT DURING
OXIDATION IN AIR

A 3*-month old Pickering NGS element, 155
MW.h/kg U, with one artificial defect was oxidized in
a flowing air stream at 900°C for 2j hours. Under
these conditions, oxidation of iodide to iodine would
not be unexpected. Although only a small quantity of
volatile iodine escaped from the fuel element, 9 7% of
this reached the iodine sampler giving the following
distribution:

Filter

Paper
Cdl2

lodophenol
Zeolite
Charcoal

% Iodine Trapped

Particulate

HOI

31

Backup

0.
99.
0.

0.002
0

15
50
35 Ag

Although traces of Te~132 could be seen
upstream, none was detected in or near the sampler.

IODINE RELEASED FROM FUEL FRAGMENTS DURING OXIDATION
IN AIR

Fragments of fuel from an NRU filler element, 465
MW.h/kg U, were oxidized at W C in a flowing air
stream. The following distribution was obtained in
an iodine sampler, which trapped 20% of the
calculated fuel inventory of iodine.

Filter % Iodine Trapped

Cdl2

lodophenol
Ag Zeolite
Charcoal
Cold Trap

l2
HOI
CH3I
Backup
Backup

(probably external
contamination)

93.8
2.8
2.99
0.25
0.10

IODINE GAS

Following the failure to prepare carrier free
radioactive Iodine, it was decided to use I2 with
small amount of labelling.

.No Te-132 was observed in or near the sampler.

DISCUSSION

Manufacturers' claims regarding the separation of
CH3I and I? have been verified, using labelled
CH3I and I2.
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Experiments which attempted to make carrier free
iodine by irradiating high purity Te, did not produce
I2> but rather a volatile and unreactlve species,
presumably a compound of Te and !• In other circum—
stances, away from a defined two element system, the
results could have been interpreted as due to a
Tni-xtute of Cft3l, l2

 atid TO1" 'ik*'10'4*!-? the,
sampler must be used wich caution on unknown systems,
and chemical interpretation and/or another method
should be sought to verify results.

The identification of I2 as the volatile form of
iodine released from fuel during high temperature
oxidation seems certain and logical since this was
crapped in the first element of the sampler and
little penetration beyond this occurred. Also no Te
was observed. A mass spectrometer is currently being
set up to independently confirm Chis observation of

From a safety point of view, the sampler
effectively formed an impenetrable barrier for iodine
between highly active fuel and the hoc-cell air. Ho
penetration of a sampler was ever observed at flow
rates up to 2 L/min over three days. The manufac-
turer claims that samplers can be used at flow rates
up to Q.I L/s.

The only fission products observed downstream of a
sampler are the noble gases and even these are
trapped up to 502 by the charcoal backup cartridge
operating at room temperature. On occasion, iodine
was observed downstream of samplers, but this was
always found to be due to external contamination.

CONCLUSIONS

The RADeCO/SAI iodine species sampler performs
very well and up to specifications for separating
I2 and CH3I. It has been found extremely useful
in preventing radioactive iodine releases from
apparatus during destructive oxidation of fuel in hot
cells. Iodine appears to be released as I2 when
irradiated fuel is oxidised a.c high temperacures.
Whenever possible, confirmatory evidence of
speciation should be soughc using another method as
results using the sampler are always subject to
interpretation. When irradiated Te was volatilized,
a compound of Te and I was distributed throughout the
sampler. Release of such a compound from irradiated
fuel would obviously prevent use of the sampler for
iodine species identification; however, significant
Te activity has never been observed when sampling
iodine from oxidized fuel.

Future work will study "HOI" and the volatility of
iodine from fuel in radiation fields.
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THE ECONOMICS OF COAL VERSUS NUCLEAR POWER GENERATION
IN ALBERTA WHEN SOCIAL COSTS ARE INCLUDED

B.W. Simms, B.W.K. Ng, B.H. McDonald, S.Y. Ahmad

Department of Mechanical Engineering
University of Alberta, Edmonton

ABSTRACT

This study analyzes the economics of nuclear and
coal-fired electricity generation to satisfy future
base load demand in the province of Alberta when
social costs are included. This study uses estimates
of the traditional costs as well as estimates of the
social costs to determine the sensitivity of the
outcome of the economic analysis to these costs. For
the base case study, using traditional cost factors
from an earlier economic study of the two
alterantives, nuclear is shown not to be
economically justifiable in the forseeable future.
Including the expected social costs does not change
this result. With a small change in the anticipated
escalation rate for the price of nuclear fuel,
however, the outcome is found to be sensitive to the
inclusion of social costs.

INTRODUCTION

Since the jcid-1970's, coal-fired power plants
have been used in Alberta to supply the base load
demand for electricity, leaving natural gas, oil,
and hydro to meet net fluctuating demand, see Figure
1. Hart (1) predicted that western Canada had coal
reserves that would last about 300 years and that
coal would continue to be the major energy source
for electricity generation for the forseeabie
future. Foulkes (2) considered the CANDU pressurized
heavy water reactor as a possible contender for tHe
suDply of base load demand in Alberta for commission
years 1990 and 2000. The alternatives considered
were a facility of three 371 MWe coal-fired units

and a facility of two 600 MWe CANDU PHWR units. In
that study the so-called traditional cost factors of
capital, operating and maintenance, and fuel were
considered in the economic analysis. The nuclear
candidate was found to be more expensive than
coal-fired electricity generation for both of the
study years.

In this study, the same alternatives are
considered, but the estimates of the so-called
social costs of nuclear and coal electricity
generation, for example, costs due to pollution and
radiation, as well as the traditional costs are
included in the economic analysis. The interest in
including social cost factors was sparked by Gaines,
Berry and Long (3) , who included social costs in
their analysis of the appropriate mix of electricity
generation methods for the United States. In that
study the selection of the mix was sensitive to the
inclusion of social costs. Kim (4) and Hill (5) have
estimated that the social costs of coal-firec
electricity generation are much higher than nuclear
electricity generation, by factors of 5.6 and 1C
respectively. If these estimated values are typical
for the Alberta situation, then perhaps nuclear
would be more successful as a contender to supply
future base load demand.

The aims of this research are to establish
estimates of the social costs for the two generation
methods in Alberta, to assess the importance of
including social costs in the analysis, to determine
if (and when) nuclear will be competitive in the
future, and to analyze the sensitivity of the
outcomes to the parameter estimates.

The social cost estimates are obtained by
analysis of earlier studies of social costs which

l ooo"

"555

base load
capacity

capacity of coal-fired
power plants

1 I I I I I I I
070 1*71

FIGURE 1 : DEMAND AND SUPPLY OF ELECTRICITY FOR ALBERTA
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have taken place in other parts of Canada and the
United States, and are modified for the Alberta
situation. The method of economic analysis is
levelized cost. The cost factor values are evaluated
for each year of the study period on the basis of
1982 Canadian dollars and a real escalation rate.
The present equivalent value of the ,-tream of costs
which occur for the life of the facility will be
calculated using a real rate of return and then
levelized using the same rate of return. The
levelized cost, in mills per kilowatt-hour (kwh),
will be calcul?ted for each type of plant
commissioned for each year of the study period which
runs from 1990 to 2045.

In the second section, the estimates of the
traditional cost factors to be used in the study
will be given. In the third section the method used
to obcain the social cost estimates will be outlined
as well as the results of the estimation process. In
the fourth section the levelized costs of the two
alternatives will be calculated for each year of the
study period. The effect of the social costs on the
outcome of the analysis will be assessed as well as
Che relative importance of the other cost factors.

Th£ TRADITIONAL COST ESTIMATES

There are three traditional cost factors;
capital, operating and maintenance, and fuel.
Similar to earlier studies by Foulkes (2), Gaines,
Long and Berry (3), and Rahnama (6) the costs of
decommissioning and income taxes are not included.
The traditional cost factors, estimates of their
current values, and the predicted real escalation,
unless otherwise indicated, are taken from Foulkes
(2) and are shown in January,1982 Canadian dollars.
All costs incurred during the year are assumed to
occur at the end of the year. In this study the term
real or constant dollars refers to 1982 dollars
while the term current dollars refers to inflated
dollar values.

Capital Cost

Capital cost includes all the construction of all
facilities up to the station step-up transformers,
but not the high voltage switchyard nor the
transmission lines. The construction schedule used
by Foulkes is used in this study, but the service
life of the plants are assumed to be 35 years as
opposed to the value of 30 years used by Foulkes.
The total capital coses for the nuclear and coal
plants used in this study are SI.78 billion and
S.942 billion, respectively. As is the usual
practice, the complete inventory of heavy water and
a half charge plus 100 bundles of fuel have been
included for each nuclear unit. The costs of flue
gas desulphurization devices are included in the
capital cost of the coal plant. The capital
requirements as a percentage of the total capital
cost by year of construction are shown in Table 1.

The total capital cost Ciz, in current dollars,
for a plant of type i commissioned in year z is
calculated from

Ciz =

where c ^ is the capital cost requirement, in
current dollars, for plant type i in year t and
AFUDC is the allowance for funds used during
construction. The figure used for AFUDC is 12% which
is consistent with recent financing and regulatory

conditions experienced by utilities in Alberta,
Foulke" (2). Values for cit, are found bv
multiplying the constant dollar requirement by a
current escalation rate for construction costs. The
total capital costs in constant dollars is found bv
dividing C^z by the estimated CPI for the beginninc
of the commission year. To be consistent, the CPI
values that are used are those used by Foulkes. The
levelized capital costs are then calculated using a
real interest rate.

TABLE 1
CAPITAL REQUIREMENTS BY YEAR OF CONSTRUCTION

year since nuclear coal-fired
start

1 1.0 1.0
2 2.0 3.0
3 3.0 9.0
i 6.0 26.0
5 17.0 26.0
6 25.0 20.0
7 24.0 11.0
8 16.0 4.0
9 6.0

The values for the year by year current
escalation rates for construction costs and CP! used
in this study are;

1982 1983 1984 1985 1986-
CP1 10.5 8.8 7.9 6.6 6.9
escalation 12.2 10.4 9.5 8.2 8.5

Operating, Maintenance and Fuel Costs

Wages, materials, fuel, other consumables, waste
disposal, and services for normal operation of the
plants are included in this cost factor. Foulkes (2.
has assumed that the real cost of labour and fuel
will increase, but the material costs will remain
constant, and we make the same assumptions in this
paper. The real cost of insurance, interim
replacements, and property taxes Ij, are also
included and are estimated to be 1.1% of the real
capital cost for nuclear plants and 1.35% of the
real cost of coal-fired plants. Since the real
capital cost of the plants are increasing, Ij will
depend on the commission year of the plant.

The real operating, maintenance and fuel cost for
year t for plant type i M^t, is found from

Li, Fit

Values for LiC and F^t are found by multiplying the
1982 estimates of labour and fuel costs by their
respective real escalation rates. The values
obtained will also depend on how many units of the
plant have been commissioned.

The present value of the operating, maintenance
and fuel cost for the life of a plant commissioned
in year z is found by summing the present values of
Mit using the real interest rate. The levelized
operating, maintenance and fuel cost is then
calculated, also using the real interest rate. The
1982 values for labour, material and fuel costs are
shown in Table 2. The real escalation rates for fuel
and labour are taken from Foulkes (2) and are shown
in Table 3.
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libour
cost

material
cosr.

fuel
cost

LASOl'K,
IN

unit 1
unit 2
unit 3

unit 1
unit 2
unit 3

TABL
MATERIAL
MILLION'S

nuclear
10.6

-

6.3
5.0
-

per Gwe-Yr 41.46

,E 2
AND FUEL COSTS

OF DOLLARS
coal-fired

3.6
3.6
3.6

2.4
2.4
2.4

64.02

fuel
.-iiiclear
coal
labour

1982-83

0
1,
(1.

.0

.5

.0)

1984

0,
1.
0,

.0

.5

.0

TABLE 3
REAL ESCALATION RATES FOR LABOUR AND FUEL, Z

1986-88 1989-

0.0 1.5
1.5 1.5
1.0 1.0

THE ESTIMATION OF SOCIAL COSTS

Social costs are extremely difficult Lo measure,
especially with no historical data for nuclear
facilities for the geographical region of study, as
is the case for Alberta. A review of possible
statistical methodologies, including subjective
methods such as the Analytical Hierarchy Process,
Saaty C7), was undertaken at the beginning of the
project. It was decided, as a first approximation,
co concentrate our efforts on transporting methods
and data from studies undertaken in other regions to
the Alberta situation. It was felt that the minimum
chat would be obtained would be a benchmark which
could then be used to evaluate the usefulness of
including social costs in future economic studies as
well as providing a framework for directing
resources i;> future studies of social costs.

In the course of the scudy a conceptual model for
the transportation process *as developed. It «as
evident from our literature review that two
independent steps in the process could be
identified. The first stage is the estimation of the
physical damages such as deaths, injuries, or
man-days lost. The second stage considered the
evaluation of the cost of the physical damages. The
major variance was found to be the estimation of the
physical damages, usually characterized by possible
ranges of values. Consequently, expected values for
the cost of the physical damages were calculated
from those values used in the literature and a
methodology was >.hen sought to deal with the variety
of estimates for the physical damages.

One of the methods considered was to choose
single studies which were thought to be most
representative of Alberta for the major social cost
factors and use these selected studies for our
estimate of social cost. This proved to be more
difficult than first envisaged. It was extremely
<iiff.ic.uU. to reject same o.£ the studies or pravi.de
reasons why they should not have been used. Having
concluded that more than one study may be included
when estimating a cost factor, a method had to be
found for combining the estimates, since it was
considered to be undesirable to conduct sensitivity
analyses based on the choice of particular studies.

Since we were interested in accounting for the
variance in the physical damage estimates, methods
were evaluated to provide a single estimate of the
distributions of the cost factors. Two methods were
given the most attention.

The first method was based on the observation
that, for the studies ctj-nsifieTe*, a range <ji
possible values was the most common means ot
representing the estimates of social costs. This
method would simply take the extreme values of tne
selected studies to construct a new range of values
and consider this to be uniformly distributed. The
drawbacks to this method were an extremely wide
range for the final values and the neglect of
information about range overlap (ranges of values
which were more likely to be true).

The second method assumed that the estimates in
the literature were uniformly distributed and
bounded by the extreme points of the range. The
methods and estimates in the literature vere
selected for inclusion in our study on the basis
that the methods and estimates were, for the most
part, independent. Assuming that the estimates were
independent and could be given weights as to their
relative likelihood of being true, expressions were
derived to calculate the expected value and variance
of the joint distri'crutioTn

E(s) - Z wx£(sx)

Var(s) = Z wx(Var(sx) + (E(s)-E(sx))
2)

x
where s x is the random variable describing the value
of the social cost factor found by the xth method
and s is the random variable describing the value of
the social cost factor.

After the expected values and variances of Che
individual cost factors have been calculated they
would be summed to produce an expected value and
variance ror the total social cost. The log-normal
distribution would then be fitted using the
estimates of the expected value and variance.

The second method was selected to estimate social
costs because it directly considers the overlap in
the two or more estimates that could be used. In
addition, confidence intervals and other statistical
tsuttomes which depend on the higher moments could tie
evaluated. The log-normal <iistribuf>on was selected
principally because it has previously been used by
Barrager, Judd and North (8) as a probability
distribution of health costs. It also other
desirable properties such as being defined for only
positive values and is relatively easy to evaluate.

The transportation of physical damage estimates
to the Alberta situation was carried our using two
simple rules. First, if the methods could be
transferred directly, using Alberta data, this was
done. If this was not possible then the estimates
were evaluated with the use of a damage potential
function Justus, Williams and Clements (9), again
using Alberta data.

In 1982, Alberta utilities produced 2.353 Gve-Yr
of electricity from the coal-fired power plants
which satisfied the base load demand of the 2.3
million population. A figure of 1 Gwe-Yr for a
population of 1 million is often used in the
literature, iav example, So.eU ( W ) aad Hill (51,
The social cost estimates are given in million
dollars per Gwe-Yr and represent the approximate
social cost per capita. Since the number of people
served by each plant is approximately constant and
since the social costs relate mainly to people, it
is assumed that the social costs, expressed as
million dollars per Gwe-Yr is constant in real
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terms.
The social costs estimates are given in January

1982 dollars. Where required the CPI was used to
convert the estimates to the constant dollar values.
For studies based in the United States, the current
dollar values were converted to 1982 U.S. dollar
values and then the exchange rate between the
Canadian and U.S. dollar was applied.

For nuclear plants the major difference between
the Alberta situation and that of most other studies
is the incomplete fuel cycle. First, no mining or
processing of nuclear fuel is undertaken in Alberta
and second, the long term storage of spent fuel will
not take place in Alberta. The social costs which
are estimated are those parts of the fuel cycle
which relate to fuel transportation, energy
conversion, and spent fuel storage.

There are also significant differences between
the coal-fired plants existing in Alberta and those
examined in the studies of the literature survey.
First Alberta coal has a very low sulphur content of
.3%, which should result in lower estimates of the
social costs, ceritus parabus. Second, the plants
have traditionally been built on or very near the
coal deposit, and third, surface mining is used.
These characteristics will be considered when
converting the estimates obtained in other studies
to the Alberta situation.

THE SOCIAL COST ESTIMATES

There are three major social cost factors:
health, property damage, and natural resources. A
more detailed discussion of the estimation procedure
can be found in Ng (11). The purpose of this section
is to highlight the logic of the decisions taken
during the estimation process and to present the
results.

The expected costs of the physical damage were
calculated from values used in the social cost
studies and are shown in Table 4.

TABLE 4
COST OF PHYSICAL DAMAGE

Study deaths illness injury-day
Hill (5) SI,000,000 - $100
1977 Can. 3

Barrager
et al. (8)
1975 U.S. S

Kim (4)
1078 Can. S

$300,000 $3,000<illness) -
S10,000(genetic

effects)

$300,000 $5,000 $50

Expected value $913,000 $12,054
1982 Can. $

$118.85

The studies and methods used and the estimates
obtained for the social costs are discussed below.
If a point estimate from the literature is given
which is believed to be a maximum, then the our
estimate is based on the assumption that the values
are uniformly distributed between zero and the
maximum value. The standard deviations are shown in
brackets. The estimates for the expected value and
variance of the joint distribution were calculated
assuming that all the studies which were included
are equally likely to be true.

The expected value and standard deviation of the
total social cost for nuclear and coal are found by

TABLE 5
SOCIAL COSTS FOR A NTCLEAR PLANT

U MILLION DOLLARS/Gwe-Yr

Study

Hill
(5)

N

A

Conversion

O.O72-.379 deaths
260-460 injury days
for 1 GweY

maximum of .02 deaths
per Gwe-Yr

Alberta
Estimate
h .311
(0.110)

h .019
(0.011)

Barrager N no fuel fabrication or
et al. reprocessing in Alberta
(8) .0013 raills/kwh 1975 USD h .025

due to occupational hazard
and low level radiation

A 0.00254 mills/kwh 1975 USD h
no fuel fabrication p

.003

.046

S .05 mills/kwh 1975 USD h .031
Barrager's estimates are (.018)
assumed to be maximums p .451

(.260)

D .005 mills/kwh 1975 USD h .003
Barrager's estimates are (.002)
assumed to be maximums p .045

(.025)

Inhaber N only considered reactor h .382
(12) operation, (0.096)

(2.57-7.0)xl0"4 deaths
(2.02-6.34)xl0"2

disabilities or equivalent
to 1.81-4.61 MDL per Mwe-Yr.

A excluding the gathering h .212
and handling of fuel (0.007)
(1.9-2.02)xlO~4 deaths
(12.7-13.11)xlO-4

disabilities
equivalent to 1.68-1.88 MDL

Snell N assumed damages are half h .738
(10) the maximum design limit (0.426)

A one-half the AECB h .318
guidelines (0.184)

Final

Normal Ops. (N) health (h) .364(.340)

Accident (A) health (h) .138(.161)

property (p) .046(.000)

Sabotage (S) health (h) .03K.018)
property (p) .451(.26O)

Diversion (D) health (h) .OO3(.O02)
property (p) .045(.026)
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TABLE 6
SOCIAL COSTS FOR A COAL-FIRED PLANT

IN MILLION DOLLARS/Gve-Yr
Conversion

Mendelsohn dose response function
(13) in deaths per ug/m^

coefficient for number
of deaths not applicable

Lees, Dunn Alberta GPP in 1982 was
Ersil
(14)

Hill
(5)

Alberta
Estimate
h 12.047
(11.489)

b .094
(.252)

v .013
(.260)

h 1.348
(.194)

Barrager
et al.
(8)

Inhaber
(12)

$45,338 M. health care
expense estimated from 1981
SI,924 M.
Method 1» $1,684 M/Gwe-Yr
Method 2> $1,011 M/Gwe-Yr
Method 3- insufficient data

mine to mouth operation h 3.002
in Alberta, no (1.713)
transportation costs

surface mining, assuming h .455
1 WDL-1 injury day (.000)

building materials, b 1.195
pro-rated by damage (.000)
potential function

0.3% sulphur coal, with h 11. H I
35™ sulphur removal by (1.692)
scrubber gave 10,166 tons
of sulphur, and 10,690 tons
of nitrogen per Gwe-Yr.

surface mining, assume
same type as study

h .380
(.000)

land, loss of recreation, 1 .967
game habitat, etc., (.568)
Barrager's estimates assumed
to be maximums

water, water treatment, w .387
effects on ecosystem (.223)
Barrager's estimates assumed
maximums

the lower values for
Inhaber's estimates are
considered to be the
estimates for Alberta

surface mining, lowest
estimates are used

Acres
(15)

Ontario
Research
Foundation
(16)

final
Health

Property

Other

(h)
(h)
(b)
(t)
(v)
(1)
(w)

Acres estimate prorated b
by damage potential

textiles, prorate
results of method 3
damage potential

plant operation 10
raining
building mat'Is

textiles
veg. and animals
land
water

t
by

.240(9.227)

.936(0.734)

.441(0.553)

.065(0.038)

.013(0.260)

.967(0.568)

.387(0.223)

h 22.582
(.000)

1.973
(.000)

.034
I.OOO)

.065
:.O38)

adding the individual estimates of the expected
value and variance. The values obtained are

Expected Standard
Value Deviation

Nuclear $M/Gwe-Yr 1.078 .458
raills/kwh .123 .052

Coal- SM/Gwe-Yr 13.049 9.296
fired mills/kwh 1.490 1.062

The expected social cost of coal-fired
electricity generation is approximately 12 times
that of nuclear while the expected ratio of social
cost is 14.5. Kim (4) and Hill (5) estimated that
the ratio of the expected social costs in Ontario to
be 5.6 and 10, respectively. Gaines, Berry and Long
(3) estimated the ratio to be 16 for the United
States. Kim's estimates for the expected social
ccsts for Ontario are .02-.30 mills/kwh for nuclear
and .10-1.70 mills/kwh for coal-fired plants. These
values are assumed to be in 1981 dollars.

The ratio of expected social costs is somewhat
higher than expected. The dominating cost factor for
the coal-fired plant is health costs. This value is
approximately .5% of the Alberta health care expense
for 1982, as compared with .112% by Lees, Dunn and
Ersil (14) for Ontario. If social costs connected
with mining uranium and processing the nuclear fuel
and land and water social costs equal to those of
coal-fired are used, then the expected social costs
of nuclear generation more than double and the ratio
of expected social costs decreases to approximately
5. The values used for the cost of physical damage
were also higher than those used in the other
studies, after they had baen expressed in 1982
dollars. After careful reexamination of the numbers
used in other studies, however, we still felt that
the numbers used in this study are representative of
the true value-.

After fitting the log-normal distribution using
the expected values and standard deviations, the
probability distributions of social cost for both
nuclear and coal-fired plants were plotted and are
shown in Figure 2, Note that although the expected
social costs for coal are 13.049 the mode, or most
likely value, is closer to $7.5 M/Gwe-Yr. We believe
that the distributions obtained by the process which
has been selected are the best estimates which could
have been obtained with available data. The use of
different weighting for the studies may be employed
in the future with the use of expert judges which
will modify the results. We leave this as an avenue
of future research.

ANALYSIS

Using the traditional cost data and the estimates
of expected social costs obtained in the previous
section a base case study was established. The real
interest rate used for the base case study is 62.
The estimates of the traditional cost factors and
their real and current escalation rates previously
established will be used in the base case.
Sensitivity analyses are carried out by varying
some of the base case values.

The levelized unit costs, in raills/kwh, for both
nuclear and coal-fired plants, with and without
social costs included, were calculated for each
commission year 1990-2045, inclusive. The results
are shown graphically in Figure 3. Note that at the
beginning of the study period coal-fired electricity
generation is significantly less expensive and that
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FIGURE 2: THE PROBABILITY DENSITY FUNCTION OF SOCIAL COSTS

the curves do not converge. There is enough of a
difference in the traditional coses, and the
expected social costs are sufficiently snail, that
the inclusion of expected social costs into the
economic analysis will not affect the choice of
generation method.

The first cost factor chosen for further analysis
is the real escalation rate for fuel. The estimate
of fuel costs vary from study to study. Rahnama (6)
assumed that coal prices escalate at a rate of 1% a
year and 2 % after 1990, The real price of uranium
was expected to remain constant but escalate at 1%
after 1990. 3ancroft (17) assumed both coal and
nuclear fuel prices to remain constant at their 1981
values. ERCB (18) predicted that the price of coal
would remain unchanged in real terms for the short
term, but would increase in the long term. Although
inconclusive, these predictions suggest that the
price of coal will either escalate at the same rate
as uranium or a little faster. Consequently, a
modified base case was formulated which allowed coal
to escalate, in real terms, at 1.5% with zero
increase in the price of nuclear fuel. The use of
this modified base case study will also allow the
full potential of the methodology chosen for
estimation of social costs to be brought forward.

The levelized costs for the modified base case
study were calculated for each year of the study
period and are shown graphically in Figure 4. Note
that for this case the levelized costs converge. The
point of intersection will be called the breakeven
year, the year at which nuclear generation becomes
more economical than coal-fired. Without including
the social costs the breakeven year is 2032. The
angle between the traditional cost curves is quite
sharp and by including the expected social costs,
the breakeven year occurs earlier in the planning
horizon at 2020. In this sense, therefore, social
costs can be significant, even though in absolute
terms they are 5% or less than the total traditional
costs.

The next avenue to be explored is the
probability, based on the probability distributions
of social costs, that nuclear will be more
economical than coal for different commission years
in the planning horizon. The cumulative distribution
function for breakeven year was found by calculating

the probability that the social cost of coal will be
enough larger than nuclear that the nuclear case
becomes more economical.

The results of this analysis are shown in Figure
5. For the modified base case study nuclear may
become more economical than coal as early as the
year 1990, although with a very small probability,
and as late as 2045. This large variance in the
breakeven year is due mostly to the small included
angle in the traditional cost curves.

Figures 6-8 show the results of further
sensitivity analyses, using the modified base case
as the control, for other cost factors. As can be
seen, the breakeven year is extremely sensitive to
the real interest rate, the real escalation rate for
Che price of coal, and the capital cost of the
nuclear facility.

Assuming that the effects of a difference x in
real escalation rates in the price of fuel can be
modeled by nuclear at 0% and coal at x%, then Figure
6 shows the sensitivity of the breakeven point to
the spread in the real fuel escalation rates. For
the Alberta situation, if the spread is less than
1%, then nuclear will not be a viable option, all
else remaining the same as for the base case study.

As expected, lower interest rates favour the
nuclear option. The breakeven year is extremely
sensitive to interest rates and varies from 2000 to
2045 as the real interest rate varies from 4% to 6",
Figure 7.

Figure 8 shows the results of two analyses.
First, the initial capital cost of the nuclear
alternative was doubled. Second, a real fuel
escalation rate for coal was sought such that the
breakeven year would be the same as that for the
modified base case study. Doubling the initial
capital cost not only increases the initial values
for the levelized costs but also causes the
levelized cost curve for the nuclear option to
diverge from the curve for the coal-fired
alternative. The real escalation rate for the price
of coal would have to more than double for a
doubling in the capital cost of the nuclear
facility to produce the same breakeven point.
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COXCLL'SIO.V

This study had three objectives. The first was to
develop a methodology for estimation and to provide
estimates of the social costs due to CANDU and
coal-fired power plants in Alberta. The second was
to establish the traditional costs and to include
the social and traditional costs in a standard
economic analysis to investigate the effects of
social cost on the breakeven year. The third
objective was to study the sensitivity of the
breakeven year to other, traditional cost factors.

After reviewing the literature, a number of
estimates for social costs were collected. The usual
method of representing social costs is through the
specification of a possible range bounded by the
extreme points. In this study, when more than one
estimate for the same cost factor was available,
they were treated as equally likely, and the
expected value and variance of the joint estimate
for the cost factor were -calculated based on this
assumption. The expected values and variance for
mutually exclusive cost factors were then added to
obtain an expected value and variance for the total
social cost to which a log-normal distribution was
fitted.

The chosen estimation method allowed the
variation of the estimates to be modeled and also
allowed analysis of the consequences of the
variation on the breakeven year. This was found to
be an enlightening experience which can be improved
by using expert judges to establish subjective
weights for the methods and estimates which were
selected, perhaps with the use of the Analytical
Hierarchy Process.

Health costs were found to be the highest social
cost factor for coal and the second highest for
nuclear. In addition, the large variance of the
social cost estimates for coal are caused almost
exclusively by the health cost estimate. Further
investigation into social costs in Alberta should
concentrate on this factor, particularly for the
case of coal, the dominating method of future
electricity generation in Alberta.

The traditional cost estimates were taken from
Foulkes (2) to provide a base case study. Levelized
costs for nuclear and coal-fired plants were
calculated for each commission year of the study
period and plotted. For the base case study coal was
more economical than nuclear at the beginning of the
study period and the curves did not converge.
Including the expected social costs in the analysis
did not change this result.

Using a modified base case study with the price
of nuclear fuel remaining constant in real terms
resulted in a breakeven point in the year 2032. As a
result of the narrow included angle between the
levelized cost curves, including the expected social
costs the analysis resulted in a breakeven year
which was 12 years earlier. This highlights the
impact that social costs may have on the choice of
electricity generation methods, even though the
social cost values may be small relative to the
traditional costs. This also provides an incentive
to analyze traditional cost factors from the
perspective of probabilities rather than point
estimates.

The cost factors which should be studied in this
way are highlighted by the sensitivity analysis of
traditional cost factors which was carried out. The
breakeven point proved to be very sensitive to the
real fuel escalation rates, capital costs, and real
interest rates. Establishing probability
distributions for estimates of these cost factors is

strongly recommended in future economic analyses of
electricity generation methods.
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CANADIAN CHURCHES SHOW INTEREST IN NUCLEAR ENERGY
THE I.P.P.A.N.I. HEARINGS
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ABSTRACT

The paper is a personal view of one who has closely
followed the Interfaith Program for Public Awareness
of Nuclear Issues (IPPANI) for the past eighteen
months. The history of the program is given in
detail. The procedures to be used in conducting
the hearings are described and the major deviations
from these procedures a.re documented. Summaries
are given of the submissions made to the panels on
Canada's Domestic Nuclear Industry and Canada's
International Nuclear Trade and the, as yetr
unpublished panel reports on these topics. The
persistent problem of linking these hearings with
a final set of hearings on nuclear arms provides
an unfortunate connecting link through the entire
program and appears unlikely to be resolved.

HISTORY

The birth of the Interfaith Program for Public
Awareness of Nuclear Issues {IPPANI) was the outcome
of concerns expressed by some Canadian Church groups,
the Canadian Coalition for Nuclear Responsibility
(CCNR) and Energy Probe at the continuation of
Caanada's contract obligations on the Embalse CANDU
project, in Argentina, during the Falkland^ Islands
conflict in the spring of 1982.

Thirty years ago, when the development of nuclear
power started to gather momentum, the churches were
generally supportive of this development. Through
the late 1970's, when there were at least ten
lenothy high-profile Royal Commissions, Parliamentary
Committees and Inquiries in Canada, the Canadian
churches either boycotted or ignored them. Ignorance
did not deter some church groups from taking strong
anti-nuclear stands. In 1980, the United Church of
Canada produced a resolution on "The Nuclear Option
for Canadians" that closely echoed the views- of
CCNR/Energy Probe and called for, among many other
things, a moratorium on nuclear facilities and a
national inquiry into all aspects of the nuclear
fuel system. An excellent summary of the positions
taken by a number of churches on nuclear energy was
prepared by Dowel1 (1) in 1984.

The first proposals document for "Interfaith
Nuclear Hearings" was developed for four of the
faith groups (Anglican Diocese of Toronto; The Jewish
Community consisting of the Rabbinical Assembly
(Ontario Region), Reform Rabbis Council of Toronto
and the Toronto Board of Rabbis; Roman Catholic
Archdiocese of Toronto and the Toronto Conference of
the United Church of Canada). The Baha'i Community
of Canada did not become a fifth sponsor until
considerably later - in 1984. This original
document was prepared for the faith groups by the
CCNR and Energy Probe (Mr. Rubin acting as consultant
to the hearings) and had a pronounced anti-nuclear
bias in the way the questions were formulated.

In mid-February, 1983, the Canadian Nuclear

Association (CNA) first learned of the existence of
these proposed hearings when a request for funding
support was referred to the Anglican Diocese of
Toronto Public and Social Responsibility Committee.
Mr. J.A. Weller, General Manager of the CNA, is a
member of this committee. This original reauest was
declined by the committee on the basis of the hearings
bias. Mr. Weller was asked by the Anglican Diocese
to sit as an observer at meetings of the faith groups
steering committee and this led to the request that
he be involved, together with Energy Probe, in
redrafting the hearings proposals. In a letter to
Rabbi Arthur Bielfeld (Chairman of Energy Probe), who
was chsiling the organising committee, Weller declined
the request but indicated that the CNA's Social Issues
Committee could be a possible alternative. On June 9,
1983, Mr. S.G. Horton, then Chairman of that committee,
met with the Hearings Steering Committee. As a result
of this meeting there was recognition of the need for
major revisions to the proposals document and the need
for an industry "consultant" to offset the Energy
Probe role. It was subsequently agreed to make
Mr. D. Hardy, Secretary of the CNA Social Issues
Committee, available in this capacity.

Re-drafting of the hearings: document proceeded
throughout the fall of 19S3 and involved Hardy in a
large number of meetings. In November 1983, the
name of the process was changed to "Interfaith Program
for Public Awareness of Nuclear Issues" to overcome
the difficulties of obtaining charitable status for
tax free contributions caused by the use of the word
"Hearings". The final hearings proposal document for
soliciting panelists and finalists removed many of the
most blatantly biased questions from the earlier
draft but retained the three-stage format chat coupled
the peaceful and military uses of nuclear energy. It
had always been a basic objective of the original
organisers to link as a pre-determined progression
"Canada's Domestic Nuclear Industry", through
"International Nuclear Trade" to "Canada's Involvement
in the Nuclear Anns Race". All CNA attempts to
decouple the peaceful from the military topics were
deemed impossible by the IPPANI Steering Committee as
being too late to make such a basic change.

When the Anclican Diocese finally approved the
revised draft of the questions to be addressed they
nominated Mr. Weller as one of their official
representatives on the Steering Committee. Each
faith group nominated three representatives so that
the final committee numbered fifteen. All three of
the Jewish Community representatives plus one of che
United Church representatives were either employed by
or actively involved with Energy Probe.

The insistence by the organisers in maintaining
this pre-determined link between the peaceful and
military applications of nuclear energy was to plague
the entire hearings process. In the final hearings
document the organisers paid lip-service to this
concern by noting "In mounting Hearings that seek to



4.12

examine both peaceful applications of nuclear technol-

ogy and nuclear weapons strategy, we do not presuppose

any particular linkage between these fields. It is

part of the purpose of these Hearings to eKplore public

perceptions of such linkages and to determine if and

where they exist". How this concern was finally

applied in releasing the panel reports will be seen

later.

In January, 1984 I succeeded Mr. Horton as Chairman

of the CNA Social Issues Committee and in February

three IPPANI representatives attended a meeting of the

CNA Social Issues Committee to request CNA support for

their hearings. The CNA Disarmament Statement was

tabled as clear evidence of CNA concerns over disarma-

ment, nuclear and non-nuclear, for many years. At that

meeting the procedures for conducting the hearings had

still not been issued or the panelists selected.

Subsequent to the meeting the President of the CNA and

myself met with the Reverend Bruce MacLeod, outgoing

Steering Committee Chairman from the United Church,

and the Reverend John Hill, incoming Chairman from the

Anglican Church (chairmanship of the IPPANI Steering

Committee is rotated at three-month intervals). Dr.

Aspin and myself made it vfry clear that we thought it

would be very difficult f, get CNA endorsement of a

hearing process that linked the peaceful uses of nucle-

ar energy with nuclear weapons. On May 7, 1984 Dr.

Aspin wrote to the Reverend Hill confirming these con-

In late June 1984 invitations to participate were

sent to 400 groups and individuals. The bulk of this

list was prepared by Energy Probe. Complaints about

imbalance prompted a request that the CNR "balance"

the invitation list. Subsequent invitations- were sent

to CNA Board members and others associated with the

nuclear industry. The Hearings Procedures were issued

with the invitations.

Fund raising to cover the 5100,000 Hearings budget,

including subsequent publication of panel reports and

the education program, seemed to pose no particular

problems for the organisers.

The summer vacation period was a difficult time for

finalising participation decisions and preparing sub-

missions. A briefing meeting was held on August 22

between representatives from the IPPANI Steering Com-

mittee, s->nie of the panelists and Dr. Aspin, Mr. Lloyd

Secord (CNA Treasurer), Professor Runnalls and

Professor Hewitt (representing the Canadian Nuclear

Society). Concerns about the nuclear weapons connec-

tion were reiterated.

Five IPPANI representatives (Bruce MacLeod, Arthur
Bielfeld, John Hill, Peter Oliphant representing the
Roman Catholic Archdiocese and Hugh Lode : representing
the Baha'i Community) met with the CNA Board of Direc-
tors. Subsequently the CNA Board voted 6 against any
participation, 6 in favour of participation But only
on the basis of greater separation of peaceful and
non-peaceful aspects and 2 in favour of unconditional
CNA participation. On September 10 Mr. Secord repre-
sented the CNA Board views at an IPPANI Steering
Committee meeting. They voted against accommodating
the CNA Board's concerns on the separation of topics.
Subsequently the CNA Board voted 11 to 6 against
participating.

It should be emphasised that the CNA Board's only

concern was the absence of any separation between the

topics and did not challenge in any way IPPANI's right

to hold hearings on nuclear arms, or any other topic,

separate in time from the peaceful applications.

In parallel with these deliberations by the CNA

Board of Directors various other organisations had

come to a variety of conclusions. Ontario Hydro

agreed to actively participate in the first week on

Canada's Domestic Nuclear Industry and to make three

presentations. The Canadian Nuclear Soceity agreed to

participate in the first week. The Federal Government

agreed to provide background policy papers and the

Department of External Affairs provided participants

in Week 2 on Canada's International Nuclear Trade and

in Week 3 on Nuclear Disarmament. AECL and NBEPC both

declined to participate as corporations but said

individual employees were free to participate on their

own behalf ( a number of them did). I made personal

presentations to the first two topic areas and also

attended most of all three weeks of hearings to prep-

are a daily report for AECL management.

THE HEARINGS PROGRAM

The final hearings program, although a very consid-

erable improvement in terms of balance from the first

proposal, contained a number of value judgements in

its preamble. "There is a widespread belief that

corporations and governments are acting wichout ade-

quate accountability in matters of nuclear policy".

"We believe that there are serious moral issues relat-

ed to Canadian nuclear policies which warrant further

public review". "It is the intention of these Hearings

to use the concepts of responsible stewardship, jus-

tice, sustainability, and participation as measures of

the moral acceptability of Canada's current nuclear

policies and activities". "The task of the Hearing

Panelists in each Hearing is to identify moral and

ethical issues and then to seek to examine those

issues". For ( ;=jh of the three major topics a spec-

ific list of questions to be addressed was prepared.

These lists are given verbatim in the Appendix. Each

of the major topics was assigned one week of hearings

time vith a week off between each week of hearings.

In each week there was a maximum of five mornings or

afternoons and four evening sessions, for a total of

28 hours.

THE HEARINGS PROCEDURES

A fifteen page document was prepared detailing the

"Processes-, Rules and Procedures to be used by the

Interfaith Program for Public Awareness of Nuclear

Issuts". The document, as a statement of intentions,

was excellent and the CNA would have had no objection

to participating in hearings conducted under such

procedures. Unfortunately the procedures actually

followed deviated very considerably from these admira-

ble intentions-. In order to make it easier to follow

a summary is given of the highlights of these proce-

dures with a description of how they were actually

applied. This no doubt appears very critical and

indeed it is. Subsequent to the close of the hearings

all the participants were invited to critique the

process, which I did. What follows is based on that

critique. The quotations are taken verbatim from the

IPPANI Procedures. (1) "The first goal is the presen-

tation of accurate information to the panelists.

During the hearings, for instance, a wide range of

information will be presented. It may be also possible

for inaccurate information and misinformation to be

presented. Because of this a mechanism has been set

up for the advance circulation of briefs and oral

critique of briefs by presenters. Earlier intentions
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to fulfill this function through the use of research-
ers have been abandoned".

Statements were made that took only a few words to

state but could involve many hours or weeks of work to

show to be false. A flagrant example of this high-

lights this problem- In his written submission

"Fuelling the Arms Race - Canada's Nuclear Trade",

Dr. Gordon Edwards, on behalf of CCNR, stated:

"It is important to realise that the medical and

industrial uses of radiation do not depend in any

essential way on the uranium trade. If the

uranium trade were completely halted, the use of

x-ray machines would be completely unaffected.

Moreover, radioisotopes used in medicine,

agriculture and industry do not require a nuclear

reactor for their production. They can be produced

in cyclotrons and in various other types of

accelerators".

After the conclusion of the hearings I spent some

considerable time trying to establish whether this was

so and at what cost. After discussing it with a number

of experts at CRNL and in AECL Radiochemical Company I

could only conclude that the statement appeared to be

false. On January 23, 1985 I wrote to the IPPANI

Planning Committee and asked them to request Dr.

Edwards to substantiate the statement since they had

provided hiir. with the platform to make it. In their

reply of February 10 they declined to do this on the

grounds that "in the case of week two, the draft

report is sufficiently far along that a further delay

to relay information back and forth would be inappro-

priate". (Over three months later the week two report

has still not been publicly released).

I subsequently wrote to Dr. Edwards asking him to

let me know "by what rout©, on what type of accelerators

and with what yields you would produce the quantities

of radioisotopes I have listed and hance the total

number and cost of the alternative cyclotron/acceler-

ator route that you are advocating". I have never

received any reply to this request.

(2) "The second goal is the consideration of the

values and beliefs underlying the information present-

ed" and "It is expected that the panel chairperson

would lead the panel through an examination of the

underlying values and beliefs held by presenters".

Only in the third week of hearings on nuclear arms

was there any consistent attempt to carry this out.

In the first week it was almost totally absent.

Perhaps the problem was that nearly all the pro-

nuclear submissions attempted to address the specific

questions asked in ethical terms whereas most of the

anti-nuclear submissions recycled old articles,

newspaper clippings and in some cases almost puerile

abuse of the AECB, Eldorado, the engineering profes-

sion, scientists, etc. Paced by such diametrically

different approaches perhaps the panels just abandoned

trying to follow this eminently worthwhile goal.

(3) "To be considered for oral presentation, briefs
must be submitted to IPPANI by September 28, 1984."
This date was largely ignored, particularly for anti-
nuclear submissions-, with the result that the present-
ers received their copies of other presentations for
the first week only a few days before the actual
hearings started.

(4) "Terms of Reference the formulation of
the panelists' report, to be completed by January 31,
1985." "While no constraints are placed on various

advisors, consultants and presenters, it is expected
that comments will be limited until the presentation
of the hearing report".

The second week report was completed on February

22 and the first week report on March 11. Neither

has yet been publicly released (these reports are

reviewed later with little comment) .

(5) "Oral presentations are expected to be a five

minute amplification and clarification of the written

presentation." This time limit was adhered to by most

of the pro-nuclear presenters. On the anti-nuclear

side in the first week anything was allowed - Hallman

- 35 minutes; Bertell-30 minutes; Edwards-30 minutes

and Rubin-25 minutes.

(6) "Presentations are expected to address the

questions asked in the IPPANI agenda dated November

16, 1983." (These are the questions listed in the

Appendix to this paper).

Again, in both Weeks 1 and 2, most of the pro-

nuclear briefs were structured round these questions.

J.A.L. Robertson and myself in fact nsed the same

question numbering system.

Laura Westra submitted a paper prepared for

presentation to various meetings, much of the paper

was couched in extreme language and innuendo aimed at

the entire engineering profession in Saskatchewan and

Ontario. David Brooks presentation was mainly a copy

of his brief to the Royal Commission on the Economic

Union and Development Prospects for Canada. David

Poch submitted a diatribe attacking the Atomic Energy

Control Board. Rosalie Bertell submitted a copy of

her testimony to the Sizewell Inquiry in the U.K. and

a paper entitled "Environmental Influence on Survival

of Low Birth Weight Infants in Wisconsin 1963-1975"

and then, a week after the closing date for receipt

of submissions, a sketchy three-page letter contain-

ing spectacular accusations such as "this is complic-

ity in murder, both through the deaths generated by

the entire industry (about 13 million conservatively)

since 1945, and the megadeaths it prepares to inflict".

Given that this submission was addressing Canada's

Domestic Nuclear Industry one might well have thought

that we were responsible for 13 million deaths. The

intellectual and factual dishonesty of this statement

was brought out in her answers to some written

questions where she conceded that the figure was based

on her projections, over all time to eternity of the

possible effect from nuclear fallout by atmospheric

atomic bomb testing by the U.S.A., U.S.S.R., U.K.,

France and China.

(7) "The chairperson of each panel is expected to

exercise strict control over the hearings proceedings.

Procedures contained herein are expected to be

vigorously adhered to." (Underlining in original).

As detailed in (.5) above there was no attempt made
to confine presenters' summaries of their submissions
to the prescribed five minutes. The acceptance of a
written critique from Mr. Rubin of other presentations
was contrary to the procedures which only provided
for brief oral critiques of other briefs during a
presenter's submission of his own brief. This
interpretative leeway contrasted with the refusal to
accept a personal submission from Mr. w. Artiss. His
brief was a calm reasoned description of the
licensing process at Point Lepreau. It's rejection,
apparently by a small IPPANI sub-committee dominated
by Energy Probe supporters, showed appalling bias
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when contrasted to the lengthy briefs, couched in

intemperate language and recycling old and/or non-

Canadian material from a number of presenters, all

anti-nuclear, such as Poch, Edwards, Bertell, Brooks

and Westra.

(S) "Panelists are expected to produce a report

which is a fair and accurate summary of the informa-

tion presented about that particular session"

(underlining added).

Not a single brief in the third week offered even

one piece of either evidence or speculation to link

nuclear power or present-day uranium mining in Canada

with nuclear weapons. The final report of Week Three

has not yet been released, even though over four

months late so it is not yet possible to judge how

well this procedure was applied on these aspects.

(9) In the press conference on October 15, 1984,

called to launch the hearings the Reverend Bruce

.McLeod was quoted, in the Globe & Mail report as say-

ing:

"The hearings are not quasi-judicial inquiries in

which we're going to point fingers at evil people.

.....we're not interested in polarizing opinions-;

we're not interested in providing a forum for the

so-called anti or pro positions on the issue.

This is a brand new approach".

rt would certainly be a brand new approach. However,

the "finger-pointing" deplored by the Reverend McLeod

seemed to be the sole purpose of a large proportion

of the anti-nuclear submissions. The first page of

the Canadian Coalition for Nuclear Responsibility

submission is the announcement of a press conference

titled - "Atomic Energy Control Board Radiation

Standards: A Licence to Kill". The Press Conference

was chaired by Marilyn Aarons from Energy Probe, who

was also a member of the IPPANI Steering Committee.

The "finger-pointing" in the submissions from David

Poch and Laura Westra were quite specific. The

hearings organisers accepted and widely disseminated

all sorts of specific criticisms of named organisa-

tions - AECB, SMDC, Eldorado, Professional Engineering

Companies and Associations - couched in language such

as 'license to kill',- 'habitually gutless way'-

'foundation of lies'; 'sham Bayda Inquiry'; and

'complicity in murder'. None of these accusations-

was forwarded to the organisations named. As I wrote

to the IPPANI Steering Committee in my critique of the

hearings:

"Maybe the organisations concerned would have

regarded the accusations, given the source, as

being beneath contempt but the decision as to

whether to make a response or not should have been

theirs and this was denied them".

As the above nine points show there was obviously
a very large difference of view between some of the
hearings organisers and many on the pro-nuclear side
as to what constitutes ethical behaviour.

THE HEARINGS

Week One - Canada's Domestic Nuclear Industry

The first week of hearings was held from October

29 to November 2, 1984 on Canada's Domestic Nuclear

Industry before a panel of:

Chaviva Hosek (Chairperson) - President, National

Action Committee on

the Status- of Women

Gordon Butler - Consultant, Division of Biological

Sciences, NRC

James Ham - Past President, University of Toronto

Peter Russell - Professor of Political Science,

University of Toronto

David Strangway - Professor of Geology and Past

President, University of Toronto

37 briefs were received of which 26 were accepted

for oral presentation. This allowed approximately one

hour per submission for a summary presentation, cri-

tique of other submissions and questions from the

panelists and, in writing through the Chairperson,

from the audience. The presentation (2) by Dr. williair

S. Hatcher ( Professor of Mathematics in the Physics

Department, Laval University) on behalf of the Baha'i

Community of Canada was outstanding. He spoke of "the

need to formalize this process of dialogue as opposed

to confrontation", and supported a role for the Royal

Society of Canada and the Assocation for Advancement

of Science in Canada as an ongoing forum that could

assist sound decision-making at the political level on

technological matters.

"It is the whole question of developing proper

social mechanisms for the responsible implementation

of new technologies that needs to be addressed, and

not just the particular problem of current nuclear

technology". He presented the 8 consultative princi-

ples on which the Baha'i conducted their own affairs,

one of which states "the responsiblity of all those

participating to exercise courtesy and moderation".

Gordon Edwards presentation consisted of some

material prepared in May 1984 for a press conference

entitled "AECB Radiation Standards: A Licence to

Kill" plus a reprint of an article in the Spring 1982

issue of 'The Canadian Business Review1 on the 'Cost

Disadvantages of Expanding the Nuclear Power Industry'.

Laura Westra (Assistant Professor of Philosophy,

Lakehead University) made a presentation on the Key

Lake Spill that occurred in January 1984 that was

largely devoted to a broad ranging attack on the

competence and ethics of the engineers involved in the

original design. Interestingly she criticised the

composition of the original Key Lake Enquiry Board

because of the board members lack of technical expert-

ise in the relevant nuclear field.

David Brooks made a submission on behalf of the

Friends of the Earth consisting of a 4-page discussion

of the 'need' in Canada for energy supplemented by a

copy of the 13-page brief he had earlier submitted to

the Royal Commission on the Economic Union and

Development Prospects for Canada. He recognised the

problem that "there is no more moral issue than our

economic well being, for the pursuit of wealth appears

to have some grave ecological and social consequences."

Maisie Shiell from Saskatchewan conscientiously

attended every day of the hearings at her own expense.

She is active in the Inter Church Uranium Committee in

that province and her brief addressed her concerns

about uranium development in Saskatchewan. In my view

the brief was spoilt by statements such as "the support

for the uranium industry is built upon a foundation of

lies and half-truths " She felt that one of the
major reasons why uranium mining was allowed to proceed
was that "in our society a criminal is considered
innocent until proven guilty". The choice of wording
presupposes guilt, in our society the accused is
considered innocent until proven guilty, at which time
it might be appropriate to describe him aa criminal.
Ms. Shiell was also concerned that "costs are being
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cut at the risk of pollution". This, of course, is
not unique to mining. Many municipalities in Canada
still have combined storm and sanitary sewers, the
reason they are not separated is cost even though not
doing so does result in added pollution not just the
risk of pollution.

The two briefs from Energy Probe covered the full
range of criticisms of the CANDU program. The brief
from David Poch was a concentrated attack on the AECB
from which one could only draw the conclusion that for
Energy Probe nothing is right about the AECB.

The brief from Norman Rubin was his usual compre-
hensive attack on CANDU but, unlike the other anti-
nuclear briefs, did address many of the questions
raised by the organisers of the hearings. This per-
haps should not be too surprising since he played
such a large part in formulating the questions in the
first place. He made much of his perception of the
"overlap of nuclear energy and nuclear weapons
technologies" (his underlining). He likened the
uncertainty in predicting when major reactor accidents
would occur to uncertainty in weather forecasting, but
ignored the fact that there has never been a reactor
accident that has directly affected any significant
number of people whereas the weather occurs every day
and affects everybody.

The Rosalie Bertell brief, as distributed to the
other presenters, was of great length, As one with
considerable experience in nuclear hearings I can
state quite categorically that the word 'brief is a
complete misnomer. The Bertell brief ran to over
30,000 words and of dubious relevance. It consisted
of a copy of nor evidence to the Sizewell Inquiry on
PWR's in the U.K., a lengthy paper titled "Environ-
mental Influence on Survival of Low Birth Weight
Infants in Wisconsin 1963-1975" and a three page
covering letter that referred to Canadian "complicity
in murder, both through the deaths generated by the
entire industry (about 13 million conservatively)
since 1945." (see item 6 of the section on the Hear-
ings Procedures above). Much of her Sizewell brief
and her verbal testimony was an attack on the compo-
sition and competence of the ICRP, UNSCEAR, NRPB and
BEIR committees.

The brief from Bill Curry on behalf of the Inter
Church Uranium Committee in Saskatachewan left no
doubt as to its objectives. It referred to the "sham
Bayda Inquiry" and called for a "fair and full"
inquiry (underlining in original brief) and then went
on to urge the closing cf all the uranium mines in
Saskatchewan.

Ed Burt presented a brief on behalf of the Algoma
Manitoulin Nuclear Awareness group. The brief
consisted of a variety of documents- previously sub-
mitted to the AECB. Mr. Burt was- also active in the
Porter Commission hearings.

A brief from Dr. Dirk Leemans questioned the
validity of having different radiation exposure
standards for occupational workers- and the general
public. Dr. Alex Buchnea questioned whether we were
not spending too much money in the radioactive waste
management area - "one wonders if this money would not
be better spent in other areas to alleviate real
suffering and death at the present time".

Professor Larry Schmidt from the Department of
Religious Studies at Erindale College, University of
Toronto presented a well argued brief in favour of

"terminating the use of nuclear power facilities."
He made much of the argument that the nuclear ir-aû ir1

is suspect because our analyses of possible accident
consequences are based on theoretical studies whereas
other accident figures, like car accidents, are basei
on past actual deaths and are thus real statistics.

There were two briefs from major church groups.
The Taskforce on the Churches and Corporate Responsi-
bility brief outlined the submissions ana contacts
that they had with various Federal and Provincial
Government Deaprtments, AECB, AECL, Ontario Hydro
and CNA. Unfortunately their brief did not address
any of the ethical questions raised in the terms of
reference for the hearings. David Hallman presented
a brief on behalf of the National Working Group on
Energy and the Environment of the United Church of
Canada, one of the sponsors of the IPPANI Hearings.
This was the most comprehensive and best presented
anti-nuclear brief and could be summarised as an
Energy Probe brief in temperate language. It would
have bden worth spending a great deal more time on
questioning this brief than was allowed by the hear-
ings process.

The remaining briefs presented the position of the
nuclear industry. The three briefs from Ontario
Hydro, presented by Sam Horton, Bill Morrison and
Lome McConnell, comprehensively described Hydro's
nuclear program in the context of meeting the elec-
tricity needs of Ontario. Grant Sheng and Dr. Les
Shemilt provided a comprehensive review of the high
level nuclear v-jste management program in Canada and
related the program specifically to many of the
questions raised in the terms of reference for the
hearings. The pro-nuclear case was rounded out by
five personal presentations,(three of the individuals
are members of the CNA Social Issues Committee).
Lloyd Secord addressed the nuclear fear syndrome and
its relationship with the themes of justice, sus-
tainability and participation. Egon Freeh concentra-
ted on the morality of nuclear waste and posed the
interesting question of whether society will be pre-
pared to impose on other industries producing toxic
wastes the same long-term disposal standards appli-
cable to high level nuclear waste. In his brief
Bob Hart tried to put the real risks from nuclear
activities' in perspective compared to other risks
accepted by society. This is obviously an effective
argument since it arouses such fury from many anti-
nuclear advocates who, at these hearings, concentra-
ted much of their ire on anyone who sought to point
out that there were any risks in other activities.

J.A.L. Roberston presented a comprehensive brief
that addressed many of the specific questions raised
by the organisers of the hearings. It was refreshing
to have a brief that went right to the heart of the
ethics of nuclear energy and concluded by appealing
to the panelists, and others, to take a balanced look
at nuclear energy and not to seek to judge it in
isolation from the alternatives.

In my own brief I also tried to address the spe-
cific questions raised and to put them in an ethical
context. In addition I provided some concrete exam-
ples of public misinformation about nuclear energy.

The Canadian Nuclear Society's own brief was ably
presented by Professor John Hewitt and Peter Stevens-
Guille and also addressed many of the specific ques-
tions raised. It also gave a valuable description of
what constitutes peer review and the scientific pro-
cess in seeking to arrive at agreement on scientific
fact.
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Excluding panelists, presenters and hearings staff

che audience averaged 33 during the first week. This

number was divided into roughly three equal size

ciroups - people closely identified as supporters of

nuclear energy or from Government aaencies with nucle-

ar responsibilities, members of ar.ti-nuclear organi-

zations and church officials. Members of the general

public were conspicuous by their absence throughout

the entire hearings as were the media. There was

some slight but well-balanced coverage of the first

three days of Week One by the Toronto Star.

Week Two - Canada's International Nuclear Trade

The second week of hearings was held from November

12 to 16, 1984 on Canada's International Nuclear Trade

before a panel of:

Lyman Henderson (Chairman) - Chairman of the Board,

Davis S Henderson Ltd.

William Empey - V.p. and G.M. Data Resources of

Canada

Peter Russell - Professor of Political Science,

University of Toronto

Harold Schiff - Professor of Science, York Univer-

sity

Owen Shime - Lawyer S Labour Arbitrator

Only 16 briefs were received, many of them after

the September 28 deadline. All were accepted for

verbal presentation and two hearings sessions were

cancelled. 8 briefs were anti-nuclear, 6 were pro-

nuclear and two neutral. Average attendance of 22

was about one-third lower than for the first week and

there appeared to be virtually no media coverage.

As with the first week there was a mixed bag of

briefs. The first one heard was by the Task Force on

the Churches and Corporate Responsibility and address-

ed three topics - uranium exports from Namibia for

refining in Canada for overseas customers; the sale

of a CANDU reactor to Argentina; and nuclear cooper-

ation with South Africa as evidenced by the CNA hold-

ing a joint meeting with the Uranium Institute in

Saskatoon last June at which a South African was

invited to speak. The Reverend Dan Heap (Federal NDP

Member of Parliament for Spadina-Toronto) was opposed

to all nuclear trade because of past technical assist-

ance given to the U.S., UK., India and Argentina to

develop nuclear weapons; many of the governments to

whi-h we sold our nuclear technology were oppressive

dictatorships - he cited South Korea, Taiwan and the

Phillippines; and huge taxpayer subsidies for nuclear

R.SD. that starved consumer industries and alternative

energy research. He admitted he had read only two of

the 15 other submissions. Patricia Adams of Energy

Probe questioned the appropriateness of exporting

energy projects, hydroelectric as well as nuclear to

Third World countries. Rubin of Energy Probe repeat-

ed many of the allegations about bribery to expedite

CP.HDU export sales. During his verbal presentation

period he reiterated his attacks on the construction

of Darlington, acid rain in Ontario and provincial

government guarantees of Ontario Hydro bonds which

were difficult to relate to the topic of Canada's

International Nuclear Trade. Gordon Edwards made much

of an analogy between nuclear weapons and the nine-

teenth century slavery issue in the U.S. The Green-

peace spokesman denounced Canada's supply of uranium

to the U.S. and U.K. over a 20 year period after

World War II. Dennis Hallet of the Canada Asia Work-

ing Group presented a diatribe against all things

South Korean - their form of government, energy pro-

gram, nuclear program, perceived failure of their

economy, etc. Paul MacKay of the Ontario Publi.c

Interest Research Group did not bother to respond to

any of the questions raised for the Hearings but re-

galed the panel with a speech he had given at Trent

University 4*3 years previously.

Dr. Jovanovich, Professor of PhysicE at the Univer-

of Manitoba and Milad Matthias, an AECL-CANDU Opera-

tions employee, both gave reasoned presentations on

long-term world energy needs with emphasis on the

needs of Third world countries. Ivan Emmerton gave

an interesting trade unionist viewpoint as one who has

worked at CRNL for some years and been active in local

church affairs. Mark Moher, from the Department of

External Affairs, described Canada's nuclear non-pro-

liferation policy and Gordon Thompson from the U.S.

Institute for Resource and Security Studies addressed

the questions of revising and renewing the NPT.

Finally, J.A.L. Robertson, L o m e McConnell and myself

presented nuclear-supportive submissions based on the

questions raised for the hearings. Robertson pointed

out that the CANDU 5 per cent share of the world

reactor export market was a biager share than for

other Canadian technology exports. He expressed

strong reservations about the process for critiquincr

other briefs and commented on the fact that there were

only two briefs from church groups even though they

had the longest advance notice to prepare submissions.

Since neither of these briefs made any general condem-

nation of nuclear exports it would seem fair to assume

that the churches had no general objections to nuclear

exports,

Week Three - Canada's Involvement in Nuclear Arms

The third and final week of hearings was held from

November 26 to 30, 1984 on Canada's Involvement in

Nuclear Arms before a panel of:

Howard Adelman (Chairman) - Professor of Philosophy

York University

Doris Anderson - Author and Journalist

Peter Russell - Professor of Political Science,

University of Toronto

Art Solomon - Member of the Ojibway Nation and

native spiritual leader

Kenneth Swan - Labour Arbitrator and Chairman of

the Canadian Civil Liberties Associ-

ation

Dr. Russell served on the panels for all three
weeks of hearings and was the only panelist to serve
on more than one panel.

All of the 23 submissions made were received for

oral presentation. Average attendance was only 19

though the evening sessions were much better attended

than the day sessions. Very few of either the sup-

porters or opponents of nuclear power were present.

There appeared to be virtually no media coverage which

was a pity as there was a wide range of views on

nuclear weapons policy though relatively little that

related to Canada, mainly to the U.S.A. and to a

lesser extent the U.S.S.R. No one was in favour of

the use of nuclear weapons though there were rfide

differences of opinion on deterrence as a policy. The

possession of upwards of 30,000 nuclear warheads of

various sizes by each of the superpowers is grotes-

quely out of proportion to any deterrent capability

which would be served by less than one per cent of that

number. As an observer who claims no expertise in

this subject area I was impressed by the range of

arguments, most of which were expressed in rational

terms which made them even more frightening. There
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were several briefs from Professoisof Strategic
studies and one from Louis Delvoie, Director-General
of the International Security and Arms Control Bureau
in the Department of External Affairs. It was nota-
ble how presentations by refugees from Soviet expan-
sionism viewed Soviet actions and promises in a dif-
ferent light from those who had always lived in a
democracy. The only submission by a major church
group was made by Bishop Remy de Roo on behalf of the
Canadian Conference of Catholic Bishops.

Dr. Adelman, as Chairman, did make a strong effort
to draw out the ethical basis for the views expressed.
There was considerable discussion about why President
Reagan was able to get strong support for his hawk-
ish views from groups expressing a strong religious
basis for their position.

Mone of the briefs in the third week offered even
one piece of either evidence or speculation to link
nuclear power or present-day uranium uining in Canada
with nuclear weapons. Since the procedures for the
hearings quite explicitly stated that the panelists
are expected to produce their report on the basis of
the information presented to them there should, there-
fore, be no critical references to Canadian nuclear
power or uranium in connection with weapons.

This may not occur since on the third day of the
hearings Mr. Art Solomon attacked uranium mining in
Canada, quite out of the blue, in terms such as 'nat-
ional sacrifice areas'; 'its alright to sacrifice
human life to develop nuclear technology'; and uran-
ium mining as a form of 'desecration' of the land.
Since no such allegations had been made by any of the
presenters this was obviously the preconceived views
of this particular panelist.

THE PANEL REPORTS

When a paper on the IPPANI Hearings was first
suggested for this conference in December 1984 it was
in the expectation that the Hearings organisers would
come reasonably close to their published deadline of
January 31, 1985 for completion of the Panel Reports.

The Week One report was completed on March 11 and
the final draft of the Week Two report was completed
on February 22. At the time of writing this paper, in
May, I h&ve not seen any final version of the Week
Three report. All the 15 members of the IPPAMI
Steering Committee are abundantly aware of the very
strong feelings in the Canadian nuclear community
about linking the peaceful and military applications
of nuclear energy. The wide gap in time between the
completion of the first two reports and the third
would have been a good opportunity to issue the first
two reports separate from the third. However, the
first two reports are broadly favourable to the nucle-
ar industry. The delay in their publication only
fuels the suspicion, held by quite a few people in the
nuclear industry that there is an active group within
IPPANI who will use every possible device to delay the
publication of anything supportive of the peaceful
uses of nuclear energy. The preparation of the pro-
posal for the future educational program, in which
these panel reports will be used, has been placed in
the hands of Mr. Roger Hyman, an educator on the
.Steering Committee, who is also closely identified
with and publicly listed as a current supporter of
Energy Probe. There is perhaps grounds for some wry
amusement at how differently Energy Probe views such
potential conflicts of interest when compared to their

views on some members and staff of the AECB.

Since the reports have not yet been formally re-
leased, even four months after their scheduled comple-
tion, they have not also been studied by many people
in the nuclear industry other than by some in Ontario
Hydro and the government. The following is therefore
based on extensive quotation from the reports with
very little commentary by myself.

Report on Canada's Domestic Nuclear Issues

The 9,000 word report had a slight change in title
to Nuclear Issues rather than the Nuclear Industry
title under which the actual hearings were held. It
is a thoughtful document well worth studying. Person-
ally I would have only some minor quibbles about the
interpretation of certain issues but viewed as a whole
the document would be a valuable basis for discussion
of the whole subject, provided it is not tampered with
by whoever organises the educational program.

The panel took "the overall position that nuclear
energy for domestic purposes is an important and
viable option among available energy resources. This
position, however, is qualified by concerns about the
adequacy of the decision making process in nuclear
energy matters." However, recall that many of the
submission were 'open-season' attacks on the AECE,
SMDC, Eldorado, etc. with no opportunity to hear their
response to these attacks.

"The panel believes there has been negligence in the
management of low level radioactive wastes in the past.
It is the conviction of the panel that unless these
wastes are 'cleaned up' the climate of the whole
decision making process for nuclear energy in Canada
will be clouded with public rancour."

"The panel is of the opinion that the adversarial
dynamic has resulted in two kings of rhetoric, one
that is unnecessarily inflammatory and one that is
unreasonably reassuring, and that both are wrong....
The panel agrees that one shouldn't ask for absolute
certainty and one shouldn't offer it. A degree of
humility is necessary on both sides and is the only
honest and productive way to face the issues."

"It is possible to measure ionizing radiation in
extremely small quantities. This fact may have con-
tributed to an increase in public alarm because the
perception can easily develop that if you can measure
it, it must be dangerous."

There were a variety of suggestions relating to
Ontario Hydro - "membership of the Board of Ontario
Hydro ought to include persons with a range of views
about alternative energy futures", possibility of
forming a Technical Advisory Committee to the Board
of Ontario Hydro, support for the Porter Commission
recommendation for a separate Energy Commission, and
questioned the need for Ontario Hydro to enlarge its
market through advertising.

The panel also supported the proposals made in Bill
C-14 to separate the Ministerial reporting respon-
sibility of AECL and the AECB.

"The panel concluded that nuclear energy is not
qualitatively different from a moral and ethical view-
point from all other energy sources."

On high level radioactive waste disposal they
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commented - "Mot in my backyard" means not dealing

with the problem. "the panel concluded that efforts

to avoid the issue by finding an unoccupied place for

waste disposal or by finding a place where there are

few people would be intrinsically irresponsible...

If the disposal method is not safe enough to be near

existing populations,- it is not safe enough to be

anywhere."

"Submissions made by certain religious groups

obviously did not represent a consensus of congre-

gations ."

"The atmosphere of 'name calling' that took place

between contending sides at the hearing was regret-

able." The worst the proponents of nuclear power

were accused of by the panel was calling their oppo-

nents "activists", which, in my personal view, hardly

equates with us being called "murderers". Anyone

active in support of something he believes- in is an

activist.

"Although we go on debating, decisions must be

made."

"Participation does not necessarily mean 'getting

your own way', rather it means there is an opportunity

for all views to become part of the decision making

process."

Report on Canada's International Nuclear Trade

This 5,000 word report is also well worth studying,

again, as with the first week report, I personally

would find it broadly acceptable as a basis for

discussion.

"Nuclear energy is not evil, per se, as God uses

it to run His universe."

"If a country's sole objective is weapons, there

are faster and simpler ways to acquire them than via

a CANDU reactor."

"There is great concern about secretiveness in

nuclear matters....perhaps this is not surprising as

those nuclear decisions that are announced are immedi-

ately attacked by pressure groups who usually get

media coverage. Its not human nature continually to

set oneself up as a target and the result is secrecy.".

"The reality of the situation is that the only

unconventional source of significant "static" power

(as compared to a "mobile" fuel such as oil) through

to 2020 is nuclear fission."

"The "pro's" tended to consist of engineering
employees of the nuclear industry: the "anti's" of
"professional" activists. There was little evidence1

that the ordinary citizen was much concerned with the
issues."

"We, the panel, do not feel that Canadians can, from

their privileged comfortable position, decide what is

"best" for others, who lack fuel, food and other

"necessities" of life. That must be a question that

others decide for themselves."

"Canada has, of course, an economy that heavily

depends on foreign trade. Trade is a two way street:

it would be immoral to consider anything else."

"If we choose to deal only with functioning democ-

racies we will deal with very few countries indeed."

"We think it would be presumptuous of us to assume

that, in a positive sense, any of us know what is best

for peoples with very different cultures from our own

and with civilizations at different stages of develop-

ment. "

"Partly because of high profile and public scrutiny,

the nuclear industry has developed, over time, very

high ethical standards."

CONCLUSION

The concept of holding hearings, before impartial

panels charged with producing summary reports on these

hearings, is a considerable undertaking. The five

Toronto based faith groups who undertook this can be

commended for their efforts. Procedures were devised

and published for the conduct of the hearings which

were largely admirable though unfortunately their

actual implementation fell short of the admirable

intentions.

The major shortcomings in the entire process, which

were never overcome, were the excessive representation

of Energy Probe in the Steering Committee for the

Hearings and the obstinate refusal and insensitivity

of the organisers in failing to recognise the deep

offence caused to many in the civilian nuclear industry

in closely linking hearings on peaceful nuclear energy

applications with hearings on nuclear weapons. Perhaps

the organisers felt no compromise was possible. On

the one side che nuclear industry found the predeter-

mined link indicative of deep-seated bias, on the

other side the determination of Energy PL-obe to pre-

judge the nuclear industry of guilt by assocation from

the very start. Having cast the die in those terms

when it came to the crunch of trying to secure CNA

Board of Directors support for the hearings as desig-

ned, the choice was made between the two sides and

formal industry participation could not be forthcoming.

The briefs presented during the first two weeks of

hearings then inevitably reflected this polarisation

of viewpoints with very few 'middle-of-the-road' views

put forward - the most notable being that of Dr.

William Hatcher on behalf of the Baha'i Community.

Given these circumstances, not of their choosing,

the first two panels fairly and faithfully carried

out their task and produced reports, within six weeks

of the scheduled date, that are thought-provoking and

worthy of very serious consideration in their entirety

by all those with an interest in the peaceful uses of

nuclear energy, both domestically and internationally.

However, these reports have not been formally pub-

lished, victims yet again of the obsession by some to

link nuclear weapons with the peaceful applications of

nuclear energy by any means. So they wait for the re-

port on nuclear arms.

Speaking personally as one who has spent nearly

thirty years on the Canadian energy scene, half that

time on nuclear power and half on non-nuclear power I

deplore the extent of this polarisation of views on

nuclear energy. I doubt that we will see rational

discussion unless nuclear energy is discussed in the

same terms as other energy forms. From these hearings

I see little or no evidence that the critics are pre-

pared to allow that.

An educational program within the Churches based
fairly and accurately on the first two panel reports
could be useful. Let us all hope that will occur.
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APPENDIX - Questions to be addressed in Hearings

I) CANADA'S DOMESTIC NUCLEAR INDUSTRY

This Hearing will deal with the following ques-

tions:

1. (a) Is nuclear energy qualitatively different,

from a moral and ethicai viewpoint, from all

other energy sources?

(b) How are decisions made about the scale and

balance amona future energy sources in Canada,

(e.g. coal, renewables, nuclear) and the

impact of that balance on future generations?

2. (a) How uncertain is the scientific basis of deci-

sion-making in the nuclear field?

(b) Does decision-making in this field adequately

reflect the scientific uncertainty?

(c) Is adequate attention being given to the task

of decreasing that uncertainty?

(d) Are there areas of scientific consensus where

a significant portion of the public is mis-

informed?

j. How are decisions made in this field?

(a) Who makes decisions in the various nuclear

areas?

(b) Who has access to this decision-making process?

(1) From the public

(2) From the scientific/technical community

(3) From those opposed to nuclear development.

(c) What is the role of values and pressures in

scientific decision-making with respect to

nuclear decisions?

(d) Are the moral and ethical aspects of these

decisions being given sufficient attention?

(e) Who speaks for future generations?

(f) Who holds the decision-makers accountable?

(1) From within the decision-making structures

(2) From society at large.

4. Can large-scale, centralized technologies like
today's CANDU Stations co-exist with a participa-
tory society?

5. How does one calculate the overall financial and

societal costs as opposed to the overall benefits

of nuclear technology?

II) CANADA'S INTERMATIOMAL NUCLEAR TRADE

This hearing will deal with the following ques-

tions:

1. Economic Implications
The primary question is one of benefits versus
costs.

(a) What economic benefits is Canada receiving —
or likely to receive — from its nuclear
trade?

(b) What economic costs flow from this trade?

(c) What are the benefits and costs to the
countries with which Canada does business?

(d) What is our assessment of the value of the

benefits being received? What are the social,
economic and environmental costs of this trade
to Canada and its trading partners?

2. Third World Implications: Energy and Development

(a) Is the criterion of responsible stewardship

being met and are the concepts of justice,

sustainability and participation being appli-

ed in the conduct of Canada's international

nuclear trade?

(b) As a country which has developed nuclear

technology and which is rich in uranium re-

sources, would Canada be immoral to withhold

these from the rest of the world?

(c) Does the consultation that takes place bet-

ween Canadian government agencies and crown

corporations and governments of other nations

ensure that the best interests of the people

of those nations are being taken into account'1

How can the principles of participation and

justice be applied in dealing with countries

with non-representative forms of government?

(d) Are these principles "our business" when

applied to other countries?

(e) Are we promoting an energy system which would

lead to unwarranted dependencies on nuclear

energy by our trading partners?

(f) Is it morally permissible to supply uranium

and reactors to countries whose governments

have a record of irresponsibility in matters

of ecology, worker safety, human rights, and

military adventurism?

(g) Is there a place for nuclear energy technol-

ogies in a mixture of energy sources and

technologies? who decides on the appropria-

teness of technology?

(h) Is the spread of nuclear technology inevitable.

What is our responsibility to neighbouring

countries with respect to nuclear technology?

3, The Weapons Implications

(a) Does research into the peaceful applications

of nuclear technology have relevance to mili-

tary applications? Do military interests have

unlimited access to such research?

(b) If there is a connection between nuclear

technology and the spread of nuclear weapons,

what moral and ethical questions need to be

raised?

(c) How effective are international treaties and

safeguards with respect to nuclear technology

and fuel?

4. Other Moral and Ethical Concerns

(a) What assurances about health, safety and

operating standards should Canada require

from countries to which we propose to sell

nuclear technology?

(b) Should international agencies have the right

to assist in setting standards with respect

to nuclear technology in other countries?

(c) Are criteria used by business adequate for the

setting of standards? Do the political ram-

ifications require other bodies to exercise

responsibility for nuclear technology?

Ill) CANADA'S INVOLVEMEMT IH THE NUCLEAR ARMS RACE

This Hearing will deal with the following ques-
tions :
(1) Assumptions behind Canada's security
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arrangements
(2) Canada's participation in nuclear weapons

production.

!3) Ethical considerations.

1. The Hearing will examine the assumptions behind

Canada's security arrangements with respect to:

(a) (1) the relationship between a stable peace

and nuclear deterrence

(11) the place of nuclear war fighting strat-

egies within Canadian military policy

(b) (1) the relationship between Canadian sec-

urity needs and American nuclear weapons

policy and the degree of Canadian indep-

endence from that policy.

(11) the degree of independence from American

military decision making

(111) the relationship between Canadian sec-

urity needs, NOHAD and NATO's nuclear

weapons policies

(c) the use of nuclear military power to

secure and maintain the present econom-

ic order.

2. In Canada's participation in nuclear weapons prod-

uction testing, deployment and use:

(a) what are the federal policies or guidelines

which determine the nature and degree of dom-

estic control of nuclear weapons presently on

Canadian territory?

(b) What are the federal policies or guidelines

which determine the ways in which nuclear

weapons, nuclear weapons delivery systems,

or fissionable materials in the control of

our allies may be transported, deployed, used

or tested on or over Canadian territory?

(c) In what ways do military treaties, pacts, or

arrangements between Canada and her allies

determine the nature and degree of Canada's

involvement in the testing, transportation,

deployment or use of nuclear weapons on or

over Canadian territory?

(d) What are the federal policies or guidelines

which determine the nature and degree of

control over Canadian corporations and

subsidiaries of foreign corporations involved

in building or testing nuclear weapons or

aspects of nuclear weapons delivery systems

in Canada?

(e) To the extent that a stable nuclear deterrence

is a possibility, is Canada's participation

in the development of new weapons systems

well-designed to advance that possibility?

3. Ethical Considerations:

(a) How do the perceptions and moral evaluations
underlying our increasing nuclear arms build-
up actually arise? To what degree does the
public share such views?

(b) Can the ethic of nuclear deterrence be dis-
tinguished from the ethic of launching nuclear
weapons?

(c) Is a strategy of pre-emptive strike morally
consistent with the concept of deterrence?

(d) What should be the limits to the use of
violence? What is it appropriate to secure
or defend with nuclear weapons?

(e) To what extent is it morally acceptable to
risk future generations for the sake of
securing present values?

(f) What is the mora] impact on our present values
of maintaining the threat of all-out nuclear
war?

(<?> To what extent has the principle of deter-

rence been altered by recent development of

limited or counterforce nuclear war strate-

gies?

(h) What does the shift of military strategy to

a fundamentally nuclear-based strategy do to

the process of moral assessment and decision-

making in international relations?

(i) Does Canada give sufficient priority to the

quest for non-nuclear and non-military sec-

urity strategies (e.g. the creation of alter-

native alliances, independence from American

nuclear weapons policy)?

(j) What are the economic and other implications

of Canadian government subsidies to defense

industries bidding on export contracts?
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SOCIO-ECONOMIC IMPACT ANALYSIS OF NEW AECB
REGULATIONS

ELLEN H. ROCHMAN

Atomic Energy Control Board
Ottawa, Ontario

ABSTRACT

The federal government's Socio-Economic Impact
Analysis (SEIA) policy has been in effect since
197S. Under this policy, all new or amended
regulations concerning health, safety, or fairness
are subjected to a screening exercise which
determines whether the regulations are "major" or
"minor." The costs and benefits of major
regulations are analyzed in depth.

This paper describes the SEIA policy and explains
some of the basic concepts. Then the steps the
Atonic Energy Control Board (AECB) follows in the
analysis of new regulations are summarized.
Finally, the AECB's past and forthcoming experience
with the SEIA policy is discussed.

INTRODUCTION

The private sector has long expressed concern
about the ever-increasing volume of regulations with
which it must comply. In 1976, the Canadian
government, concerned that the cost of complying
with new regulations might be adding significantly
to inflation, set about to create the Socio-Economic
Impact Analysis (SEIA) policy. The primary purpose
of this policy is to ensure that social costs and
other socio-economic effects resulting from new
health, safety and fairness (HSF) regulations
receive due consideration in the regulation-making
process.

The policy came into effect in 1978. Since that
time, all new or amended HSF regulations proposed
federally have had to be "screened" before being
implemented. A screening exercise is a preliminary
analysis of both the effects on resource allocation
and the related Impacts of the proposed regulations.
At the screening stage, only the incremental costs
are analyzed. On the basis of the screening
exercise, the proposed regulations are classified as
either "major" or "minor." If the regulations are
found co be major, then a full SEIA is performed,
that is, both socio-economic costs and
socio-economic benefits of the proposed regulations
are analyzed.

Since the Atomic Energy Control Act is one of the
statutes covered by this policy, the Atomic Energy
Control Board (AECB) submits all new or amended HSF
regulations proposed under this act to the
appropriate degree of impact analysis. The
Technical Advisory Group of the federal government's
Treasury Board administers this policy and advises
on its application.

Purpose of SEIA

The purpose of the SEIA policy is

(a) to encourage regulators to analyze the
impact of HSF regulations, to ensure that
effects on resource allocation and other,
non-allocative factors are formally
considered;

(b) to ensure that the departments performing
SEIAs use uniform methods and assumptions in
their analyses; and

(•:) to increase public participation in the
process of assessing the impact of new
regulations.

The SEIA is a valuable decision-making tool for
regulators, leading us to look beyond technical
effectiveness to economic efficiency and social
effects. However, the results of an analysis
cannot, in themselves, prevent the passage of a set
of regulations if those regulations are the best
feasible method of achieving an important objective.
Ultimately, the responsibility for deciding whether
the need or benefits outweigh the costs rests with
the regulator and the normal machinery of
regulation-making.

The SEIA policy encourages the regulatory agency
or department to consult early with the affected
parties, preferably when the method of achieving
regulatory objectives is still being defined.
Measures that might be used instead of regulations
include tax incentives and exhortation, as well as
voluntary industry standards. When regulations are
selected as the best method of obtaining a given
objective, public participation may be useful in
determining the nature and extent of the
regulations. Also, the extent of some requirements
may be changed, for instance, those concerning
dosimetry or dose-monitoring frequency.

The AECB already has a fairly extensive
consultation process for proposed policy changes,
including changes to regulations. However, the SEIA
policy formalizes the participation by affected
parties in the AECB's assessment of the effect and
the effectiveness of proposed regulations.

Health. Safety, and Fairness Regulations

The SEIA policy covers only HSF regulations,
following categories are considered:

The
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(a) health and safety, including occupational
health and safety, consumer product safety,
and transportation safety;
(b) environmental protection; and
(c) fairness, that is, consumer protection and
protection against fraud, deception or
inaccuracy.

HSF regulations may employ performance standards,
prohibitions, and specifications.

Non-HSF regulations, such as those concerning
economic rate-setting, are excluded from this
policy; however, many such regulations are normally
subjected to cost-effectiveness analysis as a matter
of departmental policy.

Allocative and Non-Allocative Effects

Socio-economic impact analysis examines two
categories of effects: allocative and
non-allocative. Allocative effects are those costs
associated with compliance with the proposed
regulations, and they reflect the effect of the
regulations on the efficiency of allocation of
resources in Che economy.

These effects include costs to government,
individual firms, and other private sector groups.

Some examples of allocative costs are

(a) capital expenditures;
(b) annual operating costs such as for labour
and energy associated with maintenance,
training or retraining, and inspections;
(c) revenue losses associated with changes in
production methods; and
(d) government expenditures on administration
and enforcement of new regulatory
requirements.

Non-allocative costs are the indirect effects
that must be considered, such as those concerning

(a) Income distribution;
(b) market structure and competition;
(c) regional balance;
(d) international competitiveness and balance
of payments;
(e) output;
(f) employment;
(g) energy supplies;
(h) technological progress; and
(i) inflation.

The relevant effects are described qualitatively,
because monetary values are usually not applicable.

Incremental Costs

Understanding the concept of "Incremental costs"
is important, since, in a screening exercise, Che
incremental costs to this parties expected to bear
the majority of the effects are estimated.
Incremental costs arc the costs which would be borne
by the affected parties as a direct result of the
implementation of the proposed regulations, and
which would not be borne by these parties in the
absence of the proposed regulations. Thus, these

are costs resulting from differences between the
proposed regulations and current conditions. In the
AECB's case, current conditions reflect compliance
with current regulations, licence conditions, codes
and standards, and other requirements. Licence
conditions or other requirements introduced in
anticipation of the proposed new regulations are noc
considered current practice for Che purpose of the
screening exercise.

The method of calculating incremental allocative
costs of amended or new regulations resembles chat
used for life-cycle costing of projects or
acquisitions. Capital expenditures to modify
facility characteristics or to increase safety and
monitoring equipment can be assumed to occur within
a given period following implementation of the
regulations. Operating costs, such as those due to
increased frequency of analyses, new regulatory
quality assurance procedures, and modified operating
practices, are considered to occur annually.

In the screening exercise, present values of
future incremental costs are calculated, using
discounting to bring all calculations back to the
base year for comparison. The Treasury Board
guidelines suggest the use of a 10-per-cent real
social discount rate. This rate does not include
inflation, but does account for the preference of
most people to possess and use money in the present
rather Chan in the future. The time horizon for the
"longer time" calculations is usually taker' to be
either the useful life of capital equipment required
for compliance with the regulations, or the life of
the produces affected.

STEPS IK A SEIA

The process begins Informally with consultation
with affected parties during the so-called problem
definition stage, i.e., when the need for a change
in regulatory approach is identified. In the AECB's
case, the proposed regulations are drafted and
issued for public comment as a Consultative
Document. The SEIA then proceeds as follows:

(a) He perform a screening exercise to
determine the expected incremental costs of
the proposed regulations.

If the regulations are expected to have a minor
impact, then

(b) a copy of the screening document
accompanies the proposed regulations to the
Privy Council Office Section of the Department
of Justice. PCO Justice examines the
regulations, may suggest changes, and returns
the proposed regulations to the AECB. The
Board Chen meets to "make" the regulations,
pursuant to Section 9 of the Atomic Energy
Control Act. The screening document and
revised regulations are sent to the Minister
for referral to Che Governor-in-Council for
approval, and th'i SEIA process for this minor
regulation Is complete.

If the regulations are found to have a major impact,
then

(c) A full socio-economic impact analysis of
costs and benefits of the regulations and
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feasible alternatives is performed, with input
from the affected parties. A summary of the
SEIA is published, along with the proposed
regulations, in Part I of the Canada Gazette.
Once again, PCO Justice examines the
regulations and may suggest changes.

(d) The SEIA is made available to the public
for comment for at least 60 days. If the
public's comments lead to substantial changes
in the proposed regulations, the SEIA is
revised before the regulations are sent to the
Board to be made ;»nd to the Governor-
in-Council to be approved.

Note that the steps outlined above do not apply
to so-called "emergency regulations," for which the
delay introduced by the SEIA process could be
harmful. The steps required for such regulations
are outlined in Chapter 490 of the federal Treasury
Board's Administrative Policy Manual and will not be
discussed further in this paper.

The Screening Exercise

The screening exercise is the first step in the
analysis of regulations. Its purpose is to
determine whether a proposed regulation (or
amendment) is "major." A preliminary estimate of
the present value of the expected allocative costs
is made, and the results are compared to the cost
criteria which define major regulations:

(a) the present value of the incremental costs
incurred in a single continuous period of
12 months exceeds $10 million;

(b) the present value of the incremental costs
incurred jver N years exceeds $(10 + 2N)
million, where S is any integer between
1 and 10, inclusive; or

(c) the present value of the incremental costs
Incurred over a longer time period exceeds
$35 million.

In addition, if the regulations are expected to
have a significant non-allocative effect, then,
whether or not their allocative costs exceed any of
the preceding three criteria, the regulations are
major. However, there are no specific criteria for
deciding whether a non-allocative effect is
"significant."

Although a screening exercise uses data from many
sources, mainly about current operating procedures
and costs as well as predicted incremental costs,
the final result of the analysis is not exact.

People who are familiar with forecasting a budget
for one company will appreciate the difficulty
inherent in predicting the costs when the number of
companies is large and the actual expenditures to be
made depend on each individual company's method of
complying with regulations. AECB staff and
consultants attempting to predict costs can only
estimate what changes each company will have to
make, and at what cost. Thus, it should not
surprise you that we do not expect the

final calculation of costs to be a perfect
prediction. However, we do expect, based on our
experience with the SEIA policy, that most estimates
will fall clearly into either the major or the minor
category.

The Socio-Economic Impact Analysis

In a full SEIA, the allocative effects of the
proposed regulations are usually evaluated using
benefit-cost or cost-effectiveness analysis. In
benefit-cost analysis, relevant social costs and
benefits are Identified and measured in monetary
terms, then compared with the monetary costs and
benefits of alternative methods of achieving the
same goala.

Cost-effectiveness analysis is employed when
benefits canrtot be measured in monetary terms, for
instance, when benefits involve reduction of risk to
life or to health. This type of analysis examines
the costs of achieving specific non-monetary
objectives through technological and policy
alte -.atives.

A full SEIA also includes a more detailed study
of the non-allocative impact. Economic forecasts,
information about the industries concerned, and
other available data would be used to identify the
relevant non-allocative costs and benefits, and to
determine their significance.

Sensitivity analysis is used in the SEIA to
determine whether a large margin of error in any of
the data or assumptions would have significant
bearing on the conclusions. For example, in
addition to calculating the present values using a
10-per-cent real social rate of discount, we would
calculate the present values for discount rates of 5
and 15 per cent. Sensitivity analysis can also be
used to determine the significance of any disputed
data or of any assumptions underlying the analysis.

If certain requirements were estimated to impose
costs which seemed to be out of proportion fc-ith
their expected benefits, the proposed regulations
would be modified. In cases where the industry
affected did net agree with the screening exercise
or the SEIA, the AECB's Board would decide, on the
basis of all the available information,, how the
regulations should proceed.

In analyzing the costs and other effects of the
regulations, the AECB can get information from two
main sources: the industries affected and AECB
project officers who deal directly with those
industries. The first source is preferable to us,
because it promotes participation in the
regulation-making process and because the industries
may identify Impacts of which we are not aware.

AECB EXPERIENCE WITH SEIA

the federal government's SEIA policy came into
effect in August 1978, during a relatively quiet
period in the AECB's development of regulations. As
a result, the main effect of the policy in its early
ytars was to serve as a reminder to us that any
regulations or amendments that might be proposed
would have to be as rost-beneficial as possible.
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In 1980, Che AECB funded a research contract
called "Estimating the Costs of AECB Regulation,"
which attempted to determine the costs that had been
incurred by the various industries the AECB licenses
and, in addition, to classify the costs as those
which would have been borne anyway by prudent
operators and those which were the direct result of
AECE requirements. Although that study was fairly
comprehensive and yielded some interesting
conclusions, it did not establish a method by which
costs of future regulatory changes might be
forecast.

Radiography Amendments

In 1981, the AECB Issued for public comment the
proposed "Amendments [to the Atomic Energy Control
Regulations] Concerning Industrial Radiography, and
Related Safety Requirements and Responsibilities."
The primary purpose of these regulations was to
consolidate all the then-current requirements for
radiation safety in most industrial radiography
operations. A second major purpose was to transfer
certain legal responsibilities from licensees to
certified operators. These amendments were based on
existing regulations, licence conditions, and
advisory codes of practice. Comments received from
radiographers and other interested parties were
factored into the final document. The screening
exercise, which was performed by AECB staff, taking
account of public comments, showed that the impact
would be minor. This screening exercise was
accepted by the Privy Council Office, and the
amendments were promulgated.

Transport Packaging of Radioactive
Materials Regulations

The Transport Packaging of Radioactive Materials
Regulations, also issued for public comment in 1981,
were proposed as a means of ensuring that
radioactive materials continued to be packaged
safely for transportation. These regulations were
based on current practice, most of which followed
the guidelines published by the International Atomic
Energy Agency. Hence, AECB staff forecast that
there would be no significant changes in operating
procedures or compliance coats. Comments submitted
by licensees during the consultation stage for the
regulations seemed to support that v i w . The
screening exercise concluded that the impact would
be minor and that the full analysis would not be
required. Therefore, after revision to faitor in
public comments, the regulations were promulgated.

Uranium Mines (Ontario) Occupational
Health and Safety Regulations

In 1984, the AECB completed an additional
screening exercise concerning the Uranium Mines
(Ontario) Occupational Health and Safety
Regulations. These regulations are basically a
statement of change of federal body responsible for
occupational health and safety in Ontario uranium
mining facilirias. The substance of these
regulations had been developed through extensive
consultation with the industry affected, the
provincial government, and labour unions;

furthermore, the only economic impact would be
incurred by federal government departments. N'o
significant non-allocative expenses were expected to
result from this change. Hence, the impact expected
was minor, and these regulations were promulgated.

Interim Amendment to Atomic
Energy Control Regulations

A screening exercise completed early in 1985
concerned a proposed interim amendment to the Atomic
Energy Control Regulations, to remove special dose
limits for female atomic radiation workers (ARWs)
except during a period of pregnancy. The amendment
was promulgated in April, 1985. It will require
pregnant ARWs, once their pregnancy is known, to
inform their employers in order that special dose
limits, intended to protect the embryo or foetus,
can be imposed. The screening exercise, performed
by AECB staff, showed that the removal of special
dose limits for non-pregnant female ARWs might lead
to more cost-effective employment practices. Since
the amendment removes a perceived contravention of
current human rights legislation, the AECB decided
that any costs that might be incurred by licensees
in adapting to the amendment would be more correctly
attributable to human rights legislation.

The non-allocative effects identified included
removal of the perceived barrier to employment of
female ARWs in certain types of work, shifts of
radiation protection efforts to more effective
areas, and a possible, very small increase in risk
of acute exposure to an embryo or foetus during the
early part of a pregnancy. The overall impact of
this amendment has been estimated to be minor.

Although neither licensees nor the employees
affected were asked to take part in this screening
exercise as such, they had been afforded the
opportunity to comment on the proposed change when
it was issued for public comment as part of our
Consultative Document C-47, "Proposed Amendments [to
Atomic Energy Control Regulations] Relating to the
Limitation of Exposure to Ionizing Radiation."

Uranium and Thorium Mining Regulations

As this paper is being written, AECB staff are
concluding a screening exercise for the proposed
Uranium and Thorium Mining Regulations. These
regulations were reviewed extensively by a
trl-partite committee consisting of uranium mining
company management, labour unions, and government
representatives. This consultation began before the
regulations were ready to be issued as a
consultative document, and continued during and
after the normal period for public comment.

After extensive consultation about the impact of
these regulations with members of the uranium mining
industry as well as internal studies, AECB staff
have concluded that these regulations are minor.
The most significant sources of incremental costs
will likely be requirements for additional training
and medical surveillance of employees, with some
expenditures for new equipment and for increased
monitoring and reporting requirements.
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This screening exercise was the first one in
which the AECB explicitly requested cost Impact
information from the industry affected. However,
some uranium mining companies challenged the
interpretation of "current practice" used by AECB
staff as the basis for performing the screening
exercise. These companies countered that past
changes in regulatory requirements effected through
licence conditions should be included in the SEIA.
At the time of vriting, the screening exercise is
being completed based on the Board staff's
interpretation; however, it is expected that the
issues raised by the uranium mining companies vill
also be raised by them at an upcoming meeting with
the Board.

FUTURE AECB EXPERIENCE WITH SEIA

The AECB is currently preparing to issue General
Amendments to the Atomic Energy Control Regulations.
Because these amendments may affect most types of
nuclear facilities and users of radioactive
materials licensed by the AECB, as well as employees
and some members of the general public, a major
impact is probable. Therefore, the AECB has decided
that a full analysis will be performed, probably
under contract. As it has in the past, the AECB
will be inviting affected parties to submit
estimates of the expected effects of these
regulations when the Consultative Document is
issued.

In the near future, AECB staff or the contractor
will be approaching members of the nuclear industry,
radioisotope licensees, and other interested parties
for help in collecting information for this SEIA.
First we will try to establish a benchmark for
determination of current practices, so that problems
in assessing incremental costs can be minimized. He
hope that when you are asked to supply information
for this study, you will do so. After all, the SEIA
policy was established in the interests of all
Canadians. Only by working together can we ensure
that all the goals of the policy are achieved.

SUMMARY

This paper presented an overview of the SEIA
policy, including the purpose, process, and
terminology used, and then described the AECB's
experience with the policy. With the proposed
General Amendments to the Atomic Energy Control
Regulations due to be issued for public comment in
the near future, the AECB feels that it is important
to inform affected parties of the SEIA process and
to inviti their participation.
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INTRODUCTION

Nina years ago, before Three Mile Island, Alvin
Weinberg observed in the American Scientist that
"public perception and acceptance of nuclear energy
has emerged as the most critical question concerning
the future of nuclear energy". Indeed, since that
time, public concern and opposition have contributed
significantly to the difficulties faced by our
industry during hard economic tines, incurring cost-
ly delays in the nuclear programmes of the U.S. A
report on results of a recent survey on public atti-
tudes towards nuclear power in countries of the
Nuclear Energy Agency concluded that "public opposi-
tion is a serious obstacle in the development of
auclear power programmes".*

In this paper, I will present key findings of
recent studies on public percepcion of nuclear power
and the nuclear industry in Canada undertaken by
Atomic Energy of Canada Limited during the past
year.

The first study which I will call the "Nuclear
Issues Study" consisted of two separate National
Canadian Gallup surveys conducted in July, 1984 and
January, 1985 each with a sample size of over two
thousand randomly selected Canadians. This study
focussed on: 1. Public view of nuclear energy; 2.
Nature and reasons for public concerns regarding
nuclear energy; 3. Sources of knowledge and per-
ceived ways to gain public acceptance of nuclear
power.

The second study which I will call the "Company
Recognition Study" consisted of three separate
surveys, which focussed on: 1. Public perception of
the nuclear industry; and 2. Knowledge and opinion
of Atomic Energy of Canada Limited and its activi-
ties. The first survey was conducted in the prov-
ince of Ontario and consisted of 746 randomly
selected adults. Ontario was selected because
Ontario residents are considered to be the most
knowledgeable with respect to the nuclear industry.
The second survey was conducted in the provinces of
Nova Scotia and New Brunswick and consisted of a
total of S19 randomly selected adults. These prov-
inces were selected for the second survey because of
the heavy water situation in Nova Scotia and the
assessment of a dedicated export reactor in New
Brunswick. The third survey consisted of a National
Omnibus Survey conducted by CROP Inc. This survey
consisted of 2051 randomly selected Canadian adults.

I will evaluate overall trends and describe some
of the factors found to be associated with these
trends. These will be assessed to arrive at some
conclusions regarding the view of the Canadian
public towards nuclear power and the Canadian
nuclear industry.

PUBLIC VIEW OF NUCLEAR ENERGY FOR THE GENERATION
OF ELECTRICITY

In the past, the most general question that has
been repeatedly asked in Canadian public opinion
surveys regarding nuclear power Is "What is your
opinion about the use of nuclear power for gener-
ating electricity?" The wording of possible
replies to this question in the past may have
imposed an artificial polarization of public
opinion. In the design of this question for Che
"Nuclear Issues Study" the public was asked if they
were "absolutely" in favour, "absolutely" against,
undecided or indifferent. The intention here was
to test this polarization of opinion to more
precisely ascertain what proportion of the public
has made up its mind on the question and whose
opinion it would be difficult to alter. In its
brutal simplicity this question forces the person
interviewed to state at the outset his/her
position. Later on, the respondent is given an
opportunity to clarify the level and nature of
his/her concerns. Survey results from the two
separate phases of the study suggest that slightly
over 50 percent of Canadians have made up their
minds on this issue, ie. they have a definite
opinion regarding the use of nuclear energy for the
generation of electricity.

As Figure 1 demonstrates, both phases of the
study reveal that the public is split about evenly
between absolute support (27% and 26%) and absolute
opposition (27% and 29%). In both phases, one-
third of the population is undecided on the issue
while less than one in six claims indifference.
Survey findings show that a relatively small per-
centage of the Canadian public (17 percent in the
first phase and 19 percent in the second phase)
considers itself both absolutely opposed to nuclear
energy and very concerned about its use.

Nuclear Acceptance, by Geoffrey Greenhalgh, 1985.
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PHASE I

Absolutely opposed
and very concerned

Absolutely Absolutely
in favour opposed

FIGURE 1: OPINION ABOUT THE USE OF NUCLEAR
ENERGY FOR THE GENERATION OF
ELECTRICITY

Relationships with respondents' sex, Income and
education have been frequently found In Canadian
studies of public attitude towards nuclear power.
This finding Is consistent with survey results in
the European Community and the U.S.A. Our studies
reveal that women are less in favour than men and
no re undecided than men on this issue (See
Figure 2). Those with higher education levels and
higher incomes are more in favour-

historical Canadian findings and show chat strong-
est support for the use of nuclear energy for the
generation of electricity is in the provinces of
Ontario and Alberta while British Columbia and
Quebec show the highest levels of opposition (See
Table 1). Results reflect in part market regional
variation in the energy resource base, and histori-
cal developments in energy and natural resource
policies. Public opinion on nuclear power which is
influenced by these provincial policies and experi-
ences in turn has a bearing on subsequent policy
initiatives and decisions. In this regard it is
Interesting to note that the provinces with strong
dependency on hydro-electricity, i.e. Quebec,
Manitoba, Newfoundland and British Columbia, show
higher levels of opposition to nuclear power.
(However, because of the small sample sizes in
Saskatchewan, Manitoba and the Atlantic Provinces
survey results for each of these provinces must be
interpreted with extreme caution.) There are some
interesting similarities here to the study of the
European Community which revealed that attitudes
are strongly related to the scale of nuclear power
development in each country and the farther removed
from the reality of nuclear power, the greater the
level of concern: "the countries in which nuclear
power is developed on the largest scale are also
those in which public opinion is most favorable and
the topic gives rise to least anxiety. Those
countries that do not have any nuclear plants are
by far those in which anxiety is the greatest.
Should this be seen as a result of information and
familiarization which gradually reconciles public
opinion with nuclear energy?"*

TABLE 1: OPINION ABOUT THE USE OF NUCLEAR
ENERGY FOR THE GENERATION OF
ELECTRICITY (BY PROVINCE)

FIGURE 2: OPINION ABOUT THE USE OF NUCLEAR
ENERGY FOR THE GENERATION OF
ELECTRICITY (BY SEX)

Nfld.

PE1

N.S.

N.B.

Que.

Ont.

Man.

SasLc.

Alta.

B.C.

PHASE I

ABSOLUTELY
IN FAVOUR

18%

45%

235!

28%

22%

33%

21%

25%

30%

212

ABSOLUTELY
OPPOSED

25%

25%

22%

19%

372

21%

29%

20%

21%

36%

PHASE II

ABSOLUTELY
IN FAVOUR

7%

42

24%

23%

162

36%

19%

27%

30%

22%

ABSOLUTELY
OPPOSED

38%

34%

23%

26%

402

IB%

39%

25%

20%

41%

The national averages do not reflect the wide
variation of opinion within Canada. On a provincial
basis recent results are consistent with

* Public Opinion in the European Community:
Energy, October, 1982.
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PERSONAL CONCERN ABOUT THE USE OF .VUCLEAR ENERGY
FOR THE GENERATION OF ELECTRICITY

Survey results in the "Nuclear Issues Study" show
that out of every ten Canadians two are not concern-
ed about nuclear energy for the generation of
electricity, five are somewhat concerned and three
consider themselves very concerned about its use. A
majority of those claiming to be absolutely opposed
to the use of nuclear energy for generating electri-
city claiii to be very concerned personally, (ie. 17
percent in survey phf.se 1 and 19 percent In survey
phase 2 ) . Those who have not decided on approval or
disapproval mosi. often express some personal con-
cern. Those who absolutely favour the use of
nuclear energy for generating electricity along with
those who claim indifference to its use, more often
are not at all or only somewhat personally con-
cerned.

TABLE 2: REASONS FOR FEELING VERY CONCERNED

(based on those claiming to be "very concerned")

%50

PHASE I

PHASE II

Abtoiunlv oopoMd
•nd vwv conctnwd

Not at all
concerned

FIGURE 3:

Vtry

LEVEL OF PERSONAL CONCERN ABOUT
THE USE OF NUCLEAR ENERGY FOR
ELECTRICITY GENERATION IN CANADA

Those claiming to be very concerned were asked
the reasons for their concern and no choice of
responses was supplied. Results show that over
three-quarters of respondents claiming to be very
concerned about the use of nuclear power cited
safety issues as the reason for their concern
although the safety concerns were very often not
clearly elaborated or defined. Waste disposal and a
perceived lack of need for nuclear power were the
next most cited reasons for concern. These results
confirm international findings that questions of
safety are pre-eminent in the list of public
concerns "egarding nuclear energy.

Danger/safety

Waste disposal

Nuclear not needed

Environment/pollution

Lack of knowledge

Proliferation

High cost

Other/Don't know

Total responses

PHASE I

752

13*

11%

7%

5%

5%

3%

12%

131%

PHASE II

78%

13%

12%

5%

5%

4%

3%

10%

130?.

(Chart Includes multiple responses)

According to a paper by Robert L. Dupont,
psychological factors which he terms "nuclear
phobia" play an important part in public percep-
tions of nuclear power. He states: "The (nuclear)
debate is hinged on fear of a particular kind. I
will call it nuclear phobia, or more precisely,
phobic thinking about nuclear power... A phobia is
a fear based on an exaggerated, unrealistic
danger".*

His view is not novel and was first pointed out
28 years ago in 1957 by the World Health Organiza-
tion:

"There is indeed evidence that it is exceedingly
difficult for many people to keep the productive
uses of atomic energy clearly separated In their
minds from its destructive possibilities and
that this Inability contributes to making the
whole concept of atomic energy potentially a
frightening one".**

Twenty-eight years later, this conclusion is as
pertinent as when it was Issued. Indeed the "China
Syndrome" and TMI became symbols of "almost a
disaster" and contributed to phobic thinking about
nuclear power. The influence of the media, which
is the main source of public Information on nuclear
power, will be elaborated later in the paper.

PUBLIC PERCEPTION OF THE CANADIAN NUCLEAR INDUSTRY

The "Company Recognition Study" revealed a
number of significant findings, particularly the
low knowledge levels and significant misconceptions

* Nuclear Phobia - Phobic Thinking about Nuclear
Power, March, 1980.

** WHO Technical Report Series No. 151, p. 5.
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regarding che Canadian nuclear induscry. The ques-
tions in Che study were designed in pare with a view
to determine how serious this lack of knowledge and
misconcepcion actually is.

A question relating Co the amount of trust or
confidence placed in statements by representatives
of several Canadian industries including the nuclear
industry was included in the first two phases of the
Company Recognition Study and reveal that approxi-
mately one-third of Ontario residents place no trust
at all in statements made by nuclear industry repre-
sentatives. The second phase showed that, as in
Ontario most Mew Brunswick and Nova Scotia residents
place little trust in statements made by nuclear
industry representatives. Among the seven indus-
tries included in the first two phases of the study,
the nuclear industry was given the lowest confidence
rating. These results are not surprising given low
knowledge levels regarding the nuclear industry and
the fact that the nuclear industry was compared to
industries which have a greater prominence in the
every day life of Canadians. Results indicate that
che nuclear industry faces a problem similar to
other high-tech industries. A Science Council of
Canada Study on Public Awareness of Sciences and
Technology in Canada concluded: "The level of
Canadian public awareness of science and technology
seems Co be low. It is not a salient subject area,
although it is becoming more so, and there is proba-
bly a good deal of misinformation in the environ-
ment".* It is also interesting Co note that the
chemical products industry most closely resembles
the nuclear industry in terms of confidence in
representatives' statements.

A question relating to confidence in the industry
itself was included in the National survey. Nation-
al results show that slightly over one-half of
respondents (56%) have little or no confidence in
the nuclear industry while (372) have some or a lot
of confidence. Confidence levels decline with age,
increase with levels of income, increase with levels
of education and are higher among men then among
women. The third phase showed that the highest
confidence levels are found in the province of
Ontario. The strongest vote of non-confidence is
found in the province of Quebec where 69% of respon-
dents claim little or no confidence in the nuclear
industry.
%35,

25.

20.

15,

A lot of Soma Littla No Don't know
confldanca confidanca confldanca confidanca Not itatad

FIGURE 4: CONFIDENCE IN STATEMENTS MADE
BY. NUCLEAR INDUSTRY REPRESENTATIVES

The nuclear industry employs directly and
indirectly about 90,000 people across Canada and in
terras of economic stimulus is comparable to smelt-
ing and refining, industrial chemicals and communi-
cation equipment manufacturing. However, in spite
of its economic importance, Phase 1 of the "Company
Recognition Study" revealed that only 17 percent of
Ontario residents feel that the nuclear industry is
a major employer. In comparison with other major,
better known business sectors in Canada, the
nuclear industry was estimated to be che smallest
and hence the least important employer of Canadian
people. This view is even more strongly held in
New Brunswick and Nova Scotia where 46 percent and
53 percent of respondents respectively believe that
the nuclear industry is a minor employer. These
results are less surprising in view of the fact
that 80 percent of the industry is located in the
province of Ontario. This question was nor
repeated in Phase 3 of the study.

A NuclMr
S Chtmical Products
C Commarcial and Rasidantial Building & Sales
D Foran Products
E Financial Inniniliont ana Banks
F Oil and Gi l
G Auto Parts and Acctsiorias

| O O N T KNOW

IMINOR EMPLOYER

JMEDIUM EMPLOYER

IMAJOR EMPLOYER

FIGURE 5: PERCEPTION OF INDUSTRY
IMPORTANCE (ONTARIO)

Despite reports by the National Energy Board and
Energy dines and Resources Canada chat the nuclear
industry will be making a major contribution to
Canada's energy security in the long term, survey
results show that the Canadian public does not
appear to perceive nuclear energy as a means of
providing a secure source of energy for the future
of Canada. Canadians, like many Europeans and
Americans, have a superficial awareness of Che
problem of energy supply. The National results
show that one-third of Canadians feel that it is
the hydro-electric industry which is doing the most
now to ensure chat we will have a secure supply of

* June, 1981 p. 29.
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energy 2U years froir. now. This Is followed by the

gas industry (24&) Chen the oil industry (12%) and

finally in fourth place one in ten Canadians feels

that it is the nuclear industry which is doing the

nost now Co secure our energy future. It is

interesting to note that in a recent study by the

European Community, nuclear power ranked in fourth

place. However, nuclear ranked higher in countries

where the nuclear programme is developed on a large

scale. As discussed earlier (ie.» the question

relating to support for nuclear energy for gene-

rating electricity), regional results reveal the

influence of historical development of provincial

energy resources and energy policy in shaping of

public opinion rather than a long-term outlook on

future availability of the provincial resources.

Ontario results show that gas is in first place

(31 percent) followed by hydro (27 percent) and

nuclear (16 percent). Quebec results show hydro

with a very strong lead (64 percent) followed by gas

(17 percent) and nuclear with 8 percent support.

Atlantic Canada shows hydro in the lead (33 percent)

followed by oil (27 percent) and then gas (14 per-

cent) and nuclear (12 percent). In Western Canada

hydro is in the lead with (27 percent) gas in second

place (24 percent) oil in third place (15 percent)

and nuclear last (S percent).

%40.

use of nuclear power. In our studies however, in
order to probe deeper into the nature of the mis-
conceptions, an open-ended question (ie,, no choice
provided) was asked about Atomic Energy of Canada
Limited's main purpose or activity. A very high
percents.jje of respondents in all 3 phases of the
"Company Recognition Study" indicated they simply
did not have an answer to the question.

About one-third in each of Ontario, New
Brunswick and Nova Scotia in phases I and II and
41 percent in the National survey indicated they
have no idea at all of AECL's activities. Atomic
Energy of Canada Limited's activities were most
often described by Che public in terms of pro-
duction and development of nuclear energy or
research and development. However, previous ques-
tions in the survey regarding nuclear energy and
the nuclear industry may have conditioned respon-
dents by pointing them in the right direction and
thereby contributed to the nature and level of this
response. In all three phases of Che "Company
Recognition Study" very few respondents specifical-
ly mentioned CANDU. Several misconceptions include
AECL's involvement in law, control, the country's
defense, and weapons.

This finding is consistent with international
findings that a major segment of the public does
not have a clear idea of the distinction between
Che nuclear power programme and nuclear weapons
programme. This misconception acts as a constraint
to energy policy development and public acceptance
of nuclear power.

TABLE 3: MAIN PURPOSE OF ATOMIC ENERGY
OF CANADA LIMITED

25J

20J

15.

10.

Hydro Gas Oil Nucltar Coll Combination Don't
Know

FIGURE 6: CONTRIBUTION TO ENERGY SECURITY

From the time of the first national study of
Canadian public perception of nuclear power in 1976
It has been clear that Canadians are not very knowl-
edgeable about Che use of nuclear power to generate
electricity. In past studies respondents were asked
generally about their level of knowledge about the

Production of
Nuclear Energy/
Electricity

Nuclear R 4 D

Weapons-Related

Activities

Safeguards/
Regulatory
Function

CANDU-related
activities

Other

Don't know

ONTARIO
(I)

37%

14%

7%

b%

3%

52

28%

NOVA
SCOTIA
(II)

29%

12%

5%

2%

2%

142

36%

NEW
BRUNSWICK

(II)

37%

y%

8%

n

3%

1%

34%

NATIONAL
(III)

24%

10%

5%

6%

7%

7%

41%
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In order to determine the level of public support
tor Atomic Energy of Canada's actual undertakings,
regardless of whether previous knowledge or these
activities existed, survey respondents were asked a
closed-end question regarding four specific areas in
which the company is in fact involved. Opinion was
solicited on the basis of whether the company should
or should not be involved in these activities. The
replies to this question are critical to decision
making regarding the nuclear industry in Canada: it
is apparent from the findings that involvement by
Atomic Energy of Canada Limited In ft i D for peace-
ful uses of nuclear energy and the sale of medical
and industrial products and equipment is strongly
supported ones it is pointed out that these are in
fact our activities. Phase III supports the results
of the first two phases of the study. Most Cana-
dians support AECL involvement in R & D for the sale
of nedical and industrial products and equipment.
However, less than one-half are in favour of the
sale of CANDU reactor technology in Canada. As
regards the sale of CANDU reactor technology outside
jf Canada, one-third of respondents are in favour,
one—third opposed and one—third don't know. Hales
are more supportive while females are more undecid-
ed. Strongest support comes from the better edu-
cated and those with higher incomes.

n l O O

A H 8t O 'or peaceful uMs of nuclear energy [|{|{|{|lShouldb* involved
B Sal* of medical and industrial products and equipment ^ ^ ^
C Sal* i f CANDU reactor technology in Canada ^ H Should not b« involved
0 Sale of CANDU reactor technology outside Canada

I I Don't know / Not stated

FIGURE 7: APPROPRIATENESS OF AECL ACTIVITIES

shaping Canadian public opinion on nuclear issues.
Specialized sources such as pamphlets, leaflets,
lectures by specialists, discussions, meetings and
tours are much less frequently claimed as sources.
It is interesting to note that respondents who are
absolutely opposed to nuclear energy for
electricity generation claim T.V. and radio
broadcasts as their sources of information more
frequently than the rest of respondents. While
those who are absolutely in favour of nuclear
energy more often cite lectures, and school books
as sources of information. In addition, those with
university education mention almost twice as many
sources of information as those whose formal
education ended in grade school. These results
testify to the need for an in-depth study to
examine the influence the electronic media has in
shaping of public opinion on nuclear power in
Canada. The Science Council of Canada Study
concluded: "There is considerable communication
activity by print and electronic media, but it is
too often random, sporadic, narrowly-based and
unfocussed.*

60

T.V. & Radio broadcasts

Newspapers

Magazine articles

Friends & acquaintances

Pamphlets, leaflets & other materials

Technical & other books

• School

P» Lectures by specialists

• Discussion meetings

Other Jjg

None of the above

FIGURE 8: SOURCES OF KNOWLEDGE ABOUT
NUCLEAR ENERGY

PHASE I

PHASE II

SOURCES OF KNOWLEDGE

Survey findings reveal that the majority of
Canadians obtain their information from television
and radio broadcasts: the figure is an over-
whelmingly high 75 percent. This is followed by
newspapers at about 60 percent, and to a lesser
extent magazine articles (39 percent). One can
therefore conclude that information published in or
broadcast by these sources plays a critical role in

PERCEIVED WAYS TO GAIN GREATER PUBLIC ACCEPTANCE OF
NUCLEAK POWER GENERATION

When Canadians were asked what, if anything,
should be done to obtain greater public acceptance
of nuclear generation, the most frequently offered
suggestion was to educate, inform, and advise
Canadians about the programme. Approximately half

* Ibid.
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of che respondents replied In this manner. Approxi-
mately 15 percent of respondents specifically
emphasized the need for more information through the
media in areas such as advertising, talk shows and
special programming. Others suggested information
techniques including debates, wider distribution of
pamphlets and booklets, lectures, meetings, and
information centres. Other recommended techniques
to gain greater public acceptance include a more
open, above board approach and more study. At least
one person in seven feels that nothing can be done
to convince the public that nuclear power is accept-
able.

PHASE I

PHASE II

FIGURE 9: MEANS OF OBTAINING GREATER
PUBLIC ACCEPTANCE

CONCLUDING REMARKS

The objective of this paper was to present a
broad overview of Canadian public opinion based on
preliminary analysis of results. Public opinion has
not been examined in the depth and detail that would
be possible with larger studies: In summary:

CD Slightly over 50 percent of Canadians have
made up their minds on the use of nuclear
power for the generation of electricity and
over 40 percent were unable to identify AECL's
main purpose or activity. These results
demonstrate the high level of uncertainty and
insufficient knowledge base on which to base
decisions.

(2) Women favour nuclear power less than men.
Those with higher levels of education are more
in favour. Confidence in the industry is
higher among men than among women, increases
with level of Income and level of education
and declines with age.

(3) The national averages regarding perceptions of
nuclear power and the nuclear industry do not
reflect the regional variations in opinion.
Some interesting trends consistent with inter-
national findings have been found which reveal
that support increases with increased famil-
iarity. Ontario is generally the most in
favour and demonstrates highest levels of con-
fidence in the nuclear industry. In Quebec
-./here hydro electricity has a very high
profile in economic/energy policy and planning

and in the public mind, the public demon-
strates less support for nuclear power and
less confidence in the nuclear industry.

(4) A small percentage of the Canadian public is
both absolutely opposed to nuclear energy and
very concerned about its use. Three-quarters
of respondents claiming Co be very concerned
about the use of nuclear power cited safecy
Issues as the main reason for cheir concern.

(5) Findings relating to confidence in the indus-
try, economic significance of the industry
and its contribution to long-term energy
security of Canada demonstrate low knowledge
levels and significant misconceptions
results indicate that it is indeed an indus-
try that is removed from the every-day life
of Canadians.

(6) Once it is pointed out to people what are in
fact AECL's activities, respondents show high
levels of support for activities in which
AECL is in fact involved. One can conclude
that support increases with familiarity.

(7) The majority of Canadians obtain their
information from the electronic media. Those
who state they are absolutely opposed cite
the electronic media as a source more often
than those who are absolutely in favour. The
public itself feels it is not receiving
adequate Information on which it can base
decisions.

In conclusion, I feel that this business is tied
to two issues or aspects which have had a strong
influence on public judgements and views relating
to the industry. One is the fact that it is a
"nuclear" industry, and therefore linked to the
"nuclear phobia" phenomenon. The large volume of
press coverage regarding Star Wars and nuclear wea-
pons which one cannot control contributes to
"phobic misunderstanding" of the business. The
other is the fact that it is a "science and techno-
logy" industry. There is reliable data attesting
to the fact that science and technology issues fac-
ing us today are not well understood by the
public*

"Most of the major public Issues facing us today
have a scientific or technological aspect or
component... Decision makers are constantly
faced with difficult choices affecting the
general public, and these choices are the more
difficult in that their science and technology
components are often not publicly understood.

Most industrialized countries have come or are
coming to the realization that some appropriate
level of public understanding of the importance
of science and technology is similarly essential
today. This Is often based on a pragmatic calcu-
lation of what a nation needs if it is to survive
in an increasingly complex and sophisticated
Industrialized world. But there is also recogni-
tion that people have to understand their world
if they are to operate affectively within it, and
that the world is ever more pervaded by science
and technology". Science Council of Canada
Report, pp. 7-8.
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Our challenge is Co convey a clear and distinct
message chat our industry is a business, that it
provides real economic benefits to Canada, that it
plays a critical role in Canada's current and future
electricity and energy supply situation, that it
plays and will play an even greater role in Canada's
export performance.

If we can show that the nuclear Industry is a
vital business entity, evidence suggests that Che
public would more readily accept the "nuclear" and
"science and technology" aspects of Che business.
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I.YTERNATIONAL COLLABORATION IN FUSION

Dr. T . S . Brown

National Research Council of Canada
Ottawa

SUMMARY

International collaboration is essential to
Canada's fusion research effort, the world situation
is unusually favourable, and good progress has been
made Cowards establishing significant collaboration
in the last feu years.

World wide research expenditures to develop
fusion power are $2 Billion per year. The intensity
of this effort is justified in all major
industrialized countries on the basis of the
enormous significance of the objective,an
inexhaustible source of fuel with potential
advantages from the environmental point of view.
Although fusion research is the single largest
non-military research project in the U.S., Europe
and Japan, there is a wide-spread and growing
recognition In these countries that the harnessing
of fusion power will require formidable advances in
science and technology. This challenge together
with depressed economic conditions, has led in the
past few years to a concerted initiative by the US,
Europe and Japan to develop a common collaborative
effort. This new emphasis on international
collaboration represents a significant shift in
policy for the United States and it is being
supported by Europe and Japan. Canada is in a
unique position to benefit from these circumstances.
International collaboration is a cornerstone of the
Canadian fusion research program strategy.

Although Canada was a late entrant into fusion
R/D, the National Research Council has built the
Canadian Program of Fusion R/D from an insignificant
level in 1980 to a total annual operating level of
about $20 Million In 1985. Program expenditures by
source and performer are given in Table 1. Although
NRC is responsible for overall management of the
program and for promoting national coordination and
international collaboration, note that the R/D
itself is carried out and partly funded (more than
50%) by industry, universities and Canada's two
largest utilities, Ontario Hydro and Hydro Quebec.

This is particularly appropriate since Che
program strategy is directed at positioning Canadian
industry to exploit foreign development^ in fusion
science and technology- NRC management expenses
account for only 0.57. of total program funding.

The program objective in its first five years
(1981-1986) is to gain access to the major foreign

programs by making a specialized contribution which
can serve as a basis for international collabora-
tion. Canada is seeking to buy Into the Interna-
tional effort at a minimum cost. Thus the Canadian
program has been narrowly focussed on one specialty
in each of the three broad areas of fusion R/D;
magnetic confinement, materials/engineering, and

/ inertial confinement. Each specialty was chosen
with a view both to exploiting a special Canadian
strength and also for its potential for relatively
near term industrial benefits. This has proved to
be a successful formula. The special Canadian
strength maximizes interest of foreign programs and
collaborative opportunities. The relatively near
term industrial benefits help offset the costs and
risks of a research program whose primary benefits
are in the long term and have attracted an exceptio-
nally high level of cofunding.

The specialty in magnetic confinement is the
Tokamak de Varennes, a unique facility on a world-
wide basis. Although it is a modest facility by
international standards, it has the capability for
forefront fusion research in its own narrow but
important specialty "steady state conditions". This
specialty is particularly important for research on
materials and plasma-materials interactions, a field
that will become ever more important as engineering
problems are faced. The specialty in materials/
engineering is the Fusion Fuels Project which is
targeted to exploit Canada's unique position as the
major commercial producer of tritium. In its first
three years this project has already aroused the
intense interest of the major programs. The
specialty in inertial confinement technology is a
high-pulsed-power laser research effort.

TAILE Ii Canadian Fualon R/D Fundlm Source!

Magnetic Confinement
(Tokaaak da Varannaa)

Materlala/Engineering
Fualon Fuala Project)
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tntarnatlonal
Collaboration

All araaa

MtC

6

2

2

1
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(5 MllUone)

Utllltlaa/
Provlncca

6

2

-
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Fualon R/D Expandlturca
(S HlllioM)

me
Utllltlet/Induatrr

Unlnralelae

Univaraltiea/
Induatry

1

2

2

-

5
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6

Totali

13

6
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The unique character of Che Canadian research
effort is highlighted in Table 2 which summarizes
the status of some magnetic fusion programs. Unlike
any other program industry is the main performer in
Canada and national laboratories are not principal
participants. Canada has no large machine nor any
plans for one. Sot only is the Canadian effort
twice as small on a per capita basis as the major
programs but also Che government's program funding
per researcher is again twice as small. The
additional funding required per researcher is
provided by program participants, primarily
industry. No other program gets anything like such
a large fraction of its funds from industry. But
even with such exceptional industrial support, the
Canadian fusion research effort, like R/D overall in
Canada, is at a level of about one-half that in
other advanced countries. Despite these constraints
the program has been remarkably successful in
gaining access to foreign programs.

Two factors have been particularly important in
laying the foundation for International collabor-
ative work. The first factor concerns foreign
representation for the program by a non-commercial
government organization, NRC. Foreign programs are
almost exclusively government funded, and the perfo-
rmers in foreign programs are primajrily government
organizations• Foreign program concerns with regard
to their own national industrial Interests surfaced
early in the program because of the strong non-
government participation in the Canadian research
effort. These concerns vere largely allayed by
NRC's non-commercial, government lead agency
representation of Canadian program interests. The
second factor concerns scientific and technical
credibility which Is a prerequisite for meaningful
collaboration. Initial foreign scepticism was
mitigated by postings of highly skilled scientists

to foreign laboratories. The respect these
scientists earned gave the Canadian effort a
credibility out of proportion with its size. 'he
universities made a valuable contribution in this
area-

The development of international collaboration
in fusion research is being pursued formally through
four channels. These are:

1. Annual "Group of 8" Heads-of-State Summit
Meetings

2. International Energy Agency (IEA)

3. International Atomic Energy Agency(IAEA)

4. Bilateral Agreements

Canada has been active in the Summit discussions,
the IEA, and establishing bilateral agreements.
Canada has not been active in the cooperative fusion
program of the IAEA for two reasons. Limited
resources required focussing Canadian Interest, and
the IAEA program, which represents the only
multilateral forum for formal East-West contacts,
has faced overriding po l i t i ca l d i f f i c u l t i e s .
Canadian participation will eventually be sought
when resources permit because the IAEA is a
potentially key organization for East-West
cooperation should the political situation change.
At the present time, the IAEA program is limited to
Information exchange and the relatively inactive
INTOR project. The INTOR project is a joint
planning exercise by the USSR, US, EC and Japan to
define a potentially joint fusion "engineering"
reactor. The main impact of the INTOR consultations
has been to assist the individual nation's plans for
their own fusion engineering reactors.
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Group of 8 Summit Meetings

The Heads-of-State of the Summit countries have
designated personal representatives to explore
enhanced cooperation in science and technology and
fusion is one of the IS designated areas. Canada
has been active in the Fusion Working Group which
reports directly to the personal representatives.
The objectives of this group are "to enhance
collaborative exploitation of existing devices" and
"to study the possibility of carrying out joint
projects in the medium term." Some results from
their last meeting in Cadarache in January 1985 are
of particular interest to Canada. They have set up
a Technical Working Party to plan for joint
activities "on four technical problem areas

- burning plasma physics

- machine concept improvement

- fusion blanket technology

- fusion materials

with emphasis on burning plasma as a f irs t stage."
The burning plasma physics area has special interest
for Canada because a compact Ignitor-type experiment
is being proposed at an expected cost of some $300
Million. Canada has an under-utilized nuclear s i t e
Gentilly I which could be made available and whose
value to such a project would be about $100 Million.
The machine concept improvement area is of special
interest because the Tokamak de Varennes is among
those machines identified by the Group(See Table 3)
which could contribute to a cooperative effort . The
fusion blanket technology area is of spec ia l
interest because a major thrust of the fusion fuels
project is the breeder blanket project at Chalk
River. The fusion materials area is of special
interest because i t includes both plasma-material
interactions and high heat flux experiments planned
for the Tokamak de Varennes and also tritium fuel
cycle work pertinent to the Fusion Fuels Project.
Recommendations on a l l four areas are to be prepared
prior to the 1986 Summit Meeting.

International Energy Agency(IEA)

The Fusion Power Coordinating Committee(FFCC) of
the IEA is the single most substantial channel for
multilateral cooperation in fusion R/D. All the
OECD countries except France are members. The FFCC
oversees three active Implementing Agreements

- Plasma Wall Interaction in TEXTOR(1977)

- Superconducting Magnets for Fusion Power(1977)

- Radiation Damage in Fusion Materials(1980)

Canada was invited to sign and has signed the TEXTOR
and Radiation Damage agreements. The TEXTOR
agreement has been beneficial to the Tokamak de
Varennes project because of the open door it
provided to the European program and because Che
TEXTOR machine is of a similar size and has some
characteristics in common with the Tokamak de
Varennes. By contributing about 5 scientist-years

'-o the construction of TEXTOR Canada obtained the
right to 7% of the machine time. Several scientists
have been posted to TEXTOR each year since it became
operational in 1982. The RADIATION DAMAGE agreement
provides for the exchange of information and samples
related to measurement standards as well as for
joint experiments. In Che first years of the
Canadian program the primary benefit to Canada is
access to Che developing common radiation damage
standards plus contacts for the breeder blanket
work.

There are several additional Implementing
Agreements under discussion or ready for signature:

- Asdex and Asdex Upgrade
- Large Tokamaks
- Stellarators
- Reversed Field Pinches

Canada has no immediate plans to participate in
these agreements.

The IEA/FPCC has provided an effective and
relatively straightforward mechanism for
implementing international cooperation. For a small
program such as Canada's it provides a valuable
window on the plans and diverse links between the
other major programs of the OECD countries.

Bilateral Agreements

A bilateral agreement is in place between the
USA and Japan which includes about 360 Villion from
Japan in support of the US Doublet III experiment
and which may eventually involve joint project
funding of up to $250 Million. The USA also has a
relatively inactive bilateral agreement with the
USSR and an agreement under discussion with Europe-
Europe and Japan have a bilateral agreement under
consideration.

NRC has signed two bilateral agreements with
Japan, one on Tokamaks and tritium technology and
another on laser fusion. NRC has also negotiated a
bilateral agreement with the European Community
covering cooperative activities relevant to the
Tokamak de Varennes and Fusion Fuels projeccs. This
agreement is ready for signature. Finally, NRC has
negotiated a bilateral agreement with the USA which
allows for the integration of the Canadian research
effort into US program plans. This agreement is
more complex than the other Canadian agreements
since it envisages a joint effort that is more
closely tied and requires the resolution of legal
questions concerning the dispostton of intellectual
property, liability, etc. NRC's success at
negotiating these agreements in the first few years
of the program is evidence for the program's
scientific and technical credibility.

The bilateral agreements provide essential links
for the Canadian program. The links are essential
because the Canadian program is a fusion research
support program, not a fusion power program. It
would not make sense to have a research support
program in Isolation. And with the limited
resources available it is unrealistic to expect the
Canadian program to be other than a support program.
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Given the fact that foreign programs are government
funded, it is also unrealistic Co expect industry to
e s t a b l i s h these l i n k s i t s e l f . A c l e a r l y
non-commercial, gover lment organization such as NRC
must provide the formal l inks. Thus the NRC
negotiated b i l a t e r a l agreements c o n s t i t u t e a
cornerstone of the fusion program strategy for
gaining access for Canadian industry to the rapidly
growing wealth of foreign fusion technology.

The bilateral agreements also provide a side
benefit - a certain measure of s t a b i l i t y . The
advanced and complex nature of fusion science and
technology renders brief Incursions into fusion
research of l i t t l e value. The effort must be
sustained over many years to provide a meaningful
understanding of the science and technology and Its
potential applications. A sustained research effort
is not compatible with the vaacillating priorities
of many national governments. Bilateral agreements
provide a certain measure of s tabi l i ty because of
the general reluctance even with a change in
government to decrease the nation's credibil i ty In
International dealings.

The Canada-Japan agreement was signed at the end
of 1964 and specif ic plans are now well advanced for
the posting of several Canadian researchers to Japan
and several Japanese resear..aers to Canada. The
agreement also covers a number of modest, joint

tritium research projects. Although neither the
Canada—US nor the Canada-European Community
agreements are yet signed, there have been several
"good faith" postings in anticipation that they will
be signed. These include JET, Culham, Garching, and
Ispra in Europe and Princeton, Oakrldge and several
universities in the U.S.

Informal Arrangements

Both the Tokamak and Fusion Fuels project have
been successful at init iat ing a number of informal
arrangements, primarily with US organizations but
also some with European groups. Two ac t iv i t i e s have
potentially significant near-term commercial impact.
The f irst is a joint effort that the Fusion Fuels
Project has undertaken with the Princeton Plasma
Physics Laboratory and which could result in more
than $10 Million of business for the Canadian remote
handling industry. The second is a $100 Million
Reversed Field Pinch project (OHTE Phase I I ) . The
Fusion Fuels Project Is negot iat ing poss ib le
participation in OHTE with General Atomic and the
Los Alamos National Laboratories in the US.

The extent of the international collaborative
act iv i t i e s that have been developed over even the
firs t few years of the Canadian fusion research
program is a tribute to the quality of Canadian
fusion sc ient i s t s and engineers.

TABLE 3 : REACTOR CONCEPT IMPROVEMENT FACILITIES

(Facilities listed are the larger ones in a given field in a given country)

EXISTING OR ONDER CONSTRPCTIOH (WITH YEAR OPERATIONAL)

U.S . Japan EC Summit Nations Canada

Tokamak improvements*

Open sys terns :
Tandem mirror

PBX JFT--2M
JIPP-TIIU
WT-III(85)

MFTF-B(88)
TMX-U GAMMA 1 0
TARA

Alternative and supporting systems:

Stellarator/Heliotron

RFP

Compact Toroids

ATF
(86)

ZT-40M
OHTE

FRX-C
S-l

RFCXX

Heliotron E

TPE Series
REPUTE-1
STP-III M

CTCC-1, OCT
NUCTE

Torsupra(87)(France) Varennes
Compass(86)(UK)

W VII-A(FRG)
tf VII-AS(86)

HBTX-lA(tTK)
ETA BETA Il(Italy)
RFX(89)(Italy, UK)

Tokamak
(85)

*Tokamak facilities are listed here whose primary mission is to study magnetic
configurations or modes of plasma operation that represent major changes in direction
compared to the larger tokamaks of todmy, such as TFTR, JET and JT-60. There are other
facilities and programs not included here which deal with avenues of improvement that
follow more directly from the large Tokaa«k« (e.g. moderate D shape, pololdal divertor,
advanced limiters, advanced RF heating systems).
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THE MUON-CATALYZKD NUCLEAR ENERGY SYSTEM

A. A. HARMS

McMaster Univers i ty
Hamilton, Ontar io

.ABSTRACT

Muon-catalyzed fusion has recently emerged as an
interesting fusion energy system prospect. Experiment-
al results and parametric analyses have provided the
essential justification for its continuing develop-
ment. We consider here this distinctive nuclear ener-
gy option with an emphasis on the underlying reaction
and eneigy systematics and their consequent implica-
tions for engineering analysis.

INTRODUCTION

The current main-line approaches to the realization
of nuclear energy based on fusion reactions rely upon
magnetic and inertial force effects. Each of these
...iproaches is characterized by a dominant physical
constriction; for the former it is the efficiency of
containment of ions against their mutual electrostat-
ic repulsion while for the latter it is the efficiency
of coupling beam energy with the kinetic energy of the
ions in the pellet. These effects are in stark con-
trast to fission reactions which proceed at nominal
temperatures without any external energy requirements.

It is therefore a tantalizing notion to consider a
fusion reactor cast into the conceptual framework of
a fission device. With the considerable experience of
fission systems, one might view such a nuclear energy
alternative as an adaptation of an existing reactor
technology to a fusile fuel cycle. The fundamental
requirements then rest on the reduction of Coulomb
repulsion among the fusion hydrogen isotopes. It is
now recognized that the negatively charged subnuclear
mu-meson — commonly called the "muon" and represented
by the symbol - — serves this purpose very well.

Muon-catalyzed fusion is based on the concept of
nuclear catalysis, that does, in a manner, resemble
chemical catalysis with the muon serving the function
of enabling a selected nuclear reaction to occur. For
the fusion reaction between a deuteron d and a triton
t, we mav therefore write

d + c -* < ) -* u + n + a

t I
(1)

with a reaction Q-value of 17.6 MeV. As in chemical
catalysis, the nuclear catalyst u is here recovered
from among the reaction products and may, repeatedly,
catalyze further d+ t reactions. We reemphasize the
important point that the above catalytical fusion re-
action is an experimental fact observable, for example,
in a liquid deuterium and tritium mixture at room tem-
perature.

HISTORICAL ORIGIN AND PHYSICAL BASIS

The suggestion that a muon might be an important
component in an alternative approach to fusion was
first made by Frank (1) and immediately generated sus-
:ained interest primarily in the USSR (2-5). Even
tilth its experimental demonstration established (6) it

was nevertheless viewed with some caution for reason
of inappropriate cross section and muon life-time (7).

In 1977, the perception of che practical uses of
muon catalysis changed when a pronounced resonance in
a reaction channel was predicted (8) and experiment-
ally confirmed (9). Increasing interest has there-
upon been shown in this subject (10-12).

The fundamental features which will determine the
"form and shape" of a muon-catalyzed fusion system
are determined by the properties of the muon and its
interaction phenomena; the deuterium and tritium re-
quirements as well as the neutron and alpha products
and reaction Q-values are unchanged from convention-
al magnetic and inertial d+ t fusion.

Muons appear as decay products from a number of
high energy reactions in accelerator targets. A
suitable muon collection channel directs the muons
into the u + d + t reactio v. chamber. Three properties
of a muon are important:

Lifetime: r

Charge :

Mass :

- 2

%

m

.2*10~6s

* qe

' 207 m

(2

(2

(2

• a.)

.b)

• c)

Though a mean-life of 2.2x10 s is commonly
viewed as very short, it is nevertheless very long
compared to nuclear reaction rates.

The property that a muon possesses the same charge
as an electron, qu • qe, and a mass 207 times that of
an electron, means that the muon can enter into a very
tight Bohr orbit with a radius 207 smaller, Fig. 1.
Hence a muonic hydrogen atom appears to possess some
of the properties of an oversize neutron and may
therefore approach another hydrogen sufficiently
closely — without the repulsive Coulomb force becom-
ing dominant — until the short range nuclear forces
of attraction render fusion very likely.

REACTION NETWORK

When a high energy muon enters a deuterium-tritium
mixture, it quickly loses energy and is captured in
a hydrogen orbit. Two muon-hydrogen "capture-type"
reactions are possible, one with deuterium and one
with tritium.

u + d -» ud

+ t -* uc

(3.a)

(•i.n)

These muonic atoms, ud and ut, may now combine
with either a deuteron or triton to form muonic mole-
cules as follows:
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Conventional
Hydrogen Atom

Muonic
Hydrogen Atom

FIGURE 1 : GRAPHICAL COMPARISON BETWEEN A CONVENTION-
AL HYDROGEN ATOM AND A MUONIC ACTION; THE
RADII ARE IN A RATIO OF 1 / 2 0 7 AND HENCE
THIS FIGURE IS NOT TO SCALE.

) f
e j

Udt

Udd f-

Utt

(4)

The formation of udt — and hence its decay fusion
products — is the most likely process though all
three muonic molecules may form and subsequently
disintegrate (13).

Three additional proccesses need to be considered.
There exiscs Che exchange reaction

ud + t -* ut + d (5)

The ever-present decay of a muon — whether bound or
not

*d-t

pd

Muon-racyel*

FIGURE 2: MUON-CATALYZED d+t REACTION NETWORK SHOW-
ING ALSO MUON INJECTION RATE S. FROM AN
EXTERNAL SOURCE. U

236
a + y

2 3 5 U C23V (8)

\\

An important distinction for this fission cycle is
that the chain carrier is multiplied in the process
and can be considered stable (on the time scale of a
fission cycle); both of these properties are absent
in the muon-catalyzed fusion cycle. The important
property of reaction cycle of muon-catalyzed fusion
reaction sustainment at nominal temperature and in
cjndensed matter is, however, retained.

' - ( ) » ( ) + e + tfg + vy (6)

and finally the very important alpha-sticking in
which a muon becomes firmly attached to the *He
nucleus to terminate the catalytic chain:

ui ua + n

dt - (7)

u + x -! n

Here, ^ is Che channel probability for muon-sticking
to the alpha particle.

Detailed calculations involving all conceivable re-
action channels (13) have shown that a reduced link-
age (11) provides an adequate description of the
energetic of the muon-catalyzed fusion process. We
depict this reaction network in Fig. 2 where we also
identify the rate parameter associated with parti-
cular reactions; note the notation of using straight
arrows for "compound-nucleus formation" processes and
wavy arrows for "nuclear decay".

Finally, we point to the feature that both Fig. 2,
as well as Eq. (l), possess the essential features
of a fission reaction cycle.

REACTION ENERGETICS

The overall energy balance of a muon-catalyzed fu-
sion system is related in a fundamental sense to the
energetics of the reaction cycle, Fig. 2. Energy
supplied to sustain the reaction cycle and the energy
liverated in the reaction process are the two deter-
mining parameters. We consider therefore the energy
multiplication defined by the ratio

Ein
(9)

Expressing E o u t and E^n normalized to one muon, then
E^n is the average energy cost of producing a muon in
the accelerator, Eu, and E o u t is the average number
of d+ t fusion reactions one muon might catalyze,X.^,
multiplied by the Q-value of the d+ t reaction, 0.."";
we write therefore

Vdt
(10)

while Qdt - 17.6 MeV and Eu is typically estimated to
be i- 2500 MeV; this relation demands therefore that
one muon must catalyze on average more than 2500/
17.6 - 142 fusion reactions during its lifetime of
2.2»10"6 s. This will evidently depend upon the
various cross sections as represented by the reaction
race parameters K and \ of Fig. 2.
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An analytical expression for X. can be establish-
ed by the following argument. Consider a muon inject-
ion rate S. (t) to the fusion chamber and that this in-
jection results in a fusion "decay" rate of (dNudt/dt).
The fraction (l-_) of these will release the muon for
another cycle, Fig. 2. Allowing for time variation in
the muon injection rate and fusion-decay rate there-
fore defines

M of Eq. (13) becomes

(w+A-1)
(16)

(1-Ui)

(11)

i S,,(t)dt

where the integration is one-to-one for muon injection
and its ensuing sequence of muon catalyzed fusion
chains.

A useful simplification is here possible since

-dN . /dt = \ . N , (t) (12)
udt udt udt

where N, d t is the muonic molecule density udt as a
function of time and X u d t is its decay constant. We
write therefore, the general expression for che ener-
gy multiplication, Eq. (10)

Nudt ( t ) d t

"E"
(13)

j V t ) d t

Our analysis of the latest experimental data set at
500 K in a liquid hydrogen density at 108 Pa (Refs.
15-16) suggests the following energy multiplication

(1-7.6x10-3

(7.6*10

0.74

-3+ 1.8x10 )

(17)

Thus, based on only some 5 years of experimental in-
vestigations, an energy break-even almost exists. We
add, however, several points. All experimental data
suggest an upward trend in Mg and Xy with increasing
temperature and our extrapolation suggests a break-
even at about 900 K. Further, E y of ^ 2500 MeV is
highly uncertain deserving of considerable further
examination. Finally, the energy multiplication
above does not incorporate any energy credit from the
use of a fraction of the fusion neutron for fissile
fuel breeding purposes; that is, this muon-catalyzed
fusion reactor may be viewed as a hybrid or symbiont
(11,17).

and now require a reaction kinetics analysis to deter- SYSTEM DESIGN
mine N , (t) and also to specify S (t).

udt u

The point kinetics description for the reaction
network of Fig. 2 requires the identification of rate
equations for che densities of each of the component
specie »_, N u d > NU(. and N u d t. These rate equations
can be shown to be given by the following set:

Design of a muon-catalyzed fusion reactor systen
is dominated by the need for an on-line accelerator
to produce pi-mesons which decay into the desired
muons. In thij respect the power flow pattern re-
sembles that of an inertial confinement fusion system
or of a spallation-aided fission system, Fig. 3.

dN.

~dF

dtS-d
~dt~

X , N . -K S 8 - K .N,N -\ N (Ua)
Udt udt at » t Ud d u V U

=• K. JX..H, - k.X... - K
'\d'Vd

— — • K N S
dt Ut U t

ud
N N

'd't Ud t

e- KudtNutNd

(14b)

fusion

udt
" XudtNudt (Ud)

A particularly useful — and convenient — solution
is possible for the case of steady-state analysis;
that is, a steady-state tritium injection is taken to
occur and equilibrium concentrations of N,, have been
attained. For this case, Eqs. (14) can be solved ex-
plicitly for the ratio N u d c/S u to give

N.dt (15)

Here A is an involved function of the reaction rate
parameter KM and '* , (Ref. (14).

For this case then, the energy multiplication

FIGURE 3: POWER FLOW FOR A MUON-CATALVTZED FUSION
REACTOR.

While a generally accepted design has yet to
emerge (18-21), we can conceive of a broad systems
outline as depicted in Fig. 4.

-8
Muon production by pion decay (*T • 10 s) ap-

pears the only practical choice. Hence light ions
(p,d, or t) of energy in excess of v 1 GeV will
strike a low atomic mass number target with the
transmitted ions either recirculated by magnetic for-
ces or allowed to impact upon one or more successive
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Muon
Collection

and Focussing

Fusion
Reactor

FIGURE

02-T2

SUGGESTED DEPICTION OF MAIN COMPONENT OF
A MUON CATALYZED FUSION REACTOR SYSTEM.

targets of increasing atomic mass, Fig. 4. The pi-
meson will be emitted with a highly anisotropic direc-
tional distribution to be collected for decay into
rauons

-* u + -), (18)

The muons thus produced would be collected and fo-
cussed onto a cylindrical fusion core consisting of
liquid deuterium and tritium under pressure of t 10°
Pa and at a temperature of "V 900 K, Fig. 4. This
cylindrical fusion core will be surrounded by a blank-
et which serves, variously and as required, the func-
tions of (i) tritium breeding, (ii) fissile fuel
breeding, and (iii) energy removal.

Note that the fusion reactor part. Fig. 4, posses-
ses some resemblance to a CANDU fission reactor with
a single pressure tube and breeding blanket.

Current technology suggests that both the accele-
rator and the fusion reactor pose few serious prob-
lems; it is however, the (i) pion-to-muon collector,
(ii) focussing of muons into the fusion core, and
(iii) the efficient recovery of residual energy in
the accelerator target that poses the challenge.

CONCLUDING COMMENT

Recent experimental results of rauon-hydrogen reac-
tions suggest a firm basis for the potential viability
of muon-catalyzed fusion as an alternative nuclear
energy systems. While a number of systems components
follow directly from existing technology, there exist
however a number of critical technical issues deser-
ving considerable in-depth investigation.
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OPTIMIZATION OF THE NEUTRON MULTIPLIER OF EXPERIMENTAL AYMAN HYBRID BLANKETS WITH TnO2

SIMER SAHIN, TAHFIE A. AL-KUSAYER, MOHAMMED ABDUL RAOOF"

King Saud University, College of Engineering (^College of Science), P.O. BOX 800
Riyadh 11421, Saudi Arabia

ABSTRACT

At the college of Engineering, King Saud University,
a research project has been initiated to lay out the
main structure of a prototypical experimental fusion
and fusion-fission (hybrid) reactor blanket in cylind-
rical geometry. This geometry is consistent with
most of the current fusion and hybrid reactor design
concepts in respect of t&e neutronic considerations.

In this project the fusion chamber is simulated by
a cavity with a diameter of -^nroximately 1.5 m inside
a cylindrical blanket, fusion neutrons of 14 MeV are
produced by a target movable along the axis of the
cylinder. The movable neutron source will allow one
to simulate a line source for integral experiments,
which is a result of the linear nature of the
Boltzmann Transport Equation.

The present work analyses the effect of a neutron
multiplier on the overall neutronic performance in the
hybrid blanket. The studies nave shown that a beryl-
lium multiplier decreases the tritium breeding whereas
the fissile breeding will be enhanced.

On the other hand, a lead multiplier enhances, both,
the fusile and fissile breeding ratios.

INTRODUCTION

Recently, a great numtter of papers (1-3) have been
published about fusion-fission (hybrid) raaotor system
studies. Only limited ajperimental efforts taken in
respect of fusion neutrotfics have concentrated pri-
marily either on studies of purely tritium breeding
blankets (4) or on homogeneous fissionable blocks
(5-6).

For the simulation of hybrid reactor neutronics, an
experimental blanket should comprise at least five
main components namely t&e first wall, the neutron
multiplier zone, the fuel zone, the tritium breeding,
zone and the reflector. Integral experiments should
cover at least the fission rate, the tritium breeding,
the neutron multiplication through the fission process
and through (n,2n) reactions in the fissionable
materials and the neutron multiplier (7) at hlijlier
neutron energies.

An experimental program for hybrid neutronic
studies, called LOTUS, has been initiated in
Switzerland (?). The Swiss experimental facility went
operational in 1984 (8). Though, the LOTUS blankets
are being planned to comprise all iiuportant components
of a hybrid blanket, the limited size of the experi-
mental cavity, having internal dimensions 2.46, 3-6
and 3.00 meters in width, length and height,
respectively, and a bulky structure of the Haefely
neutron generator (9) (t&e fusion neutron source) have
obliged the Swiss program to be restricted to experi-
mental blankets in plane geometry. Detailed studies
in relation with this progr;un have demonstrated that
che neutron spectrum in the plane geometry greatly

differs from that of the nsutron spectra in a pros-
pective fusion-fission (hybrid) power plant. This is
a direct consequency of the different left boundary
conditions on these types of blankets (10-16). Due to
this drastic spectral shifting on an experimental
blanket in plane geometry it seems to us that it is
necessary to plan a new experimental program of a
hybrid blanket in a closed geometry in 4ir (cylindrical
or spherical) in order to conduct hybrid neutronic
studies having reliable spectral consistency with that;
of a future hybrid power plant (17-20). For this
reasons, a new research project named AYMAN, has been
initiated to evaluate the main outlines of experimen-
tal fusion (hybrid) blankets (21).

Another important handicap of the experimental
assemblies in the LOTUS program, is the fact that they
need three dimensionals neutron transport calculatio-
nal models for a proper analysis and interpretation of
the experimental set up.

In a reeenc work the optimization of the tritium
breeding zone, made of ligO, for a prospective AYMAN
blanket has been performed (22). This work represents
the optimization of the neutron multiplier zone in
respect of an increased breeding ratio in the blanket.

BLANKET GEOMETRY

A neutron generator, t'ith a yield of 1.5 x 10
(D,T) neutron/sec and with a movable target along the
axis of the blanket is used to simulate a fusion lina
source. Making use of the linear character of the
Boltzmann transport equation (23), it is possible to
simulate a line neutron source with a movable point
neutron source for integral measurements, such as,
detector responses.

The source strength S fn/cm. sec) along the length
L (=150 cm in this case) of the simulated line source
by a steady movement (constant velocity) of the target
over the irradiation time i£ given by :

q

Q(ii/sec) : Yield of t&e target (point source).

Figuras ' and 2 shows the* basic structure of the
blanket.

The main composition of the blanket design are as
cited below :

a) The cylindrical first wall is SS-316 with a thick-
ness of 1.3 cm (as the firs* wall of the TFTR in
Princeton) and surrounds the cavity which is simula-
ting the fusion plasma chamber.

b) The thickness of the multiplier, made of beryllium
or lead has been varied to search an optium for the
overall breeding1.
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The lA^O zone is distributed inside the graphite
reflector to decrease the neutron leakage in favour of
total breeding (22). Total thickness of the LL2

0 zone

is 17 cm.

e) The neutron reflector is of graphite with a thick-
ness of 30 cm.

\ \ \ GRAPHITE

FIGURE 1. BASIC STRDCTDRE OF THE INVESTIGATED
EXPERIMENTAL AYMAN HYBRID BLANKET.

FIGURE 2. CROSS SECTIONAL VIEW OF ANAYMAN HYBRID
BLANKET, DIMENSIONS IN CM.
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c) The fuel rods are made of ThO2 (10 mm diameter)
with a sintering density of 80* and are covered with
an aluminium cladding (Do = 12 mm, Dj. = 10.k mm), as
shown in Figure 3.

In the fuel zone, they are arranged hexagonally
with a volume fraction of k2% for air to simulate a
gas cooled blanket.

Figure k ahowa the dimensions (in mm) of the space
in between the fuel rods, which will be available for
some measuring probes, such as foil activation, mini-
fission chambers, etc.

di To study the tritium breeding, U.2O contained in
aluminium cans has been adopted.

FIGURE 3- THE DIMENSIONS (IN MM) OF A TYPICAL
FUEL ROD IN A PROSPECTIVE AYMAN
HYBRID BLANKET.

The total blanket thickness after the first wall is
60 cm; and the total height of the cylinderical blanket
considered is 250 cm inclusive of 25 cm graphite
reflectors at the top and bottom.

The above described AYMAN hybrid blanket has a
clean symmetry around the axis of the cylinder. Hence
it allows one to analyse and interprete the experiments
properly by applying one and two dimensional neutron
transport calculational model for a line and point
neutron 3ource, respectively, as a driver.

NUMERICAL CALCULATIONS

All transport theoritlcal calculations were
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performed in the Sg-?3 approximation with the ANISN
(2k) code in cylinderical geometry, uith a buckling
correction for a height of 250 cm, using 100 neutron
energy group data from DLC-2F (21) and DLC-24 (26)
libraries.

10 mm

•i5

FIGURE k. THE PITCH DIMENSIONS (Dl MM) H THE
FUEL ZONE OF AN AYMAN HYBRID BLANKET.

Breeding Ratios. The thickness of the neutron multi-
plier zone made of either Be or Pb has been varied in
order to study its effect on the overall breeding
performance of the blanket.

Figure 5 shows the variation of the fusile and
fissile breeding ratios as a function of the beryllium
and lead-multiplier-thickness.

For this blanket geometry, a beryllium multiplier
has negative effects on the fusile breeding, but it
affects favourably the fissile breeding. Also the
total breeding performance will be Improved. For a
k cm beryllium multiplier, the total breeding ratio
has the ̂ ŷjtniiFi value.

On the other hand, a lead multiplier reveals a con-
tinuous increase for both fusile and fissile breeding
ratios. Only the Li7 (n,n'a)T reaction shows a
^rtain decrease. But, it has a minor contribution to
X,.:.i .verall breeding performance. The increase in the
r;r•*.:,:.;.& ' eedlng ratio T slows down after a lead
> i 3 cm so that one can keep this value as
the opwu* thickness for a lead multiplier in this
blanket. The blankets uith a Be multiplier have a
better fissile breeding performance than those with a
Pb multiplier, whereas the tritium and total breeding
ratios are higher by implying the latter.

o'-0

<
a:

K
O

0.5

Total

T 7

2 I 6 »
Bc-THICKNESS (cm)

1 u 6 3 !C l j ; -

Pb-THICKWES- ivn:

FIGURE 5. VARIATION OF THE BREEDING RATIOS WITH
DIFFERENT REFLECTOR THICKNESSES.

T6 : U6(n,o)

T_ : U7(n,n'a)

Th232 • Th 2 3 2(L)
Total : Fusile + fissile breeding.
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More differentiated iafornation about the breeding
ratios and fission reaction rates are plotted in the
Fig-ires 6 zo 3.

Figure 6 shows the most important reaction densi-
ties in the 8 cm Pb multiplier and fuel zones.

75.0 tOQ 95.0

BLANKET THICKNESS, cm

90.0

FIGURE 6. PERTINENT REACTION DENSITIES IN THE
Pb MULTIPLIER M B FUEL ZONES

1) 2*Pb(n,2n) Neutron production in the
multiplier

2) Pb(n,2n) reaction rate

3) Th232(n,Y) : Fissile breeding
k) 2*Th J (n,2n) : Neutron production in the

fuel through (n,2n) reaction

5) Fission neutron production in the fuel, v.

6) Th232(n,2n) reaction rate

Fission power profile.7) Th232Cn,f)

one can recognize that the Pb(n,2n) reaction has
the highest contribution to the blanket neutron
economy, followed by Th2-^(n,2n) - and fission -
neutrons in the fuel itself.

The fissile breeding profile has a quasi-constant
character. The expected exponential decrease by a
source driven blanket is compensated due to the
neutron backscattering from tb.9 neighbouring L

Figure 7 depicts the tritium breeding density in
different LigO zones of tha blanket with 8 cm Pb
multiplier.

z

FUEL Li, 0 Li, O L i j O : C

90 95 100 105 110 115

BLANKET THICKNESS , CM

120

FIGURE 7- FUSILE BREEDING DENSITIES.
Lower curves : Ij7(n,n'ci)T
Middle curves : LiS(n,a)T

Upper curves (broken) : Total tritium breeding.

The first U-20 z°ne offers throughout a quasi-
constant tritium breeding. In the second and third
LigO zones, the U°(n,a)T reaction is depressed in the
middle due to the strong neutron absorption. This
shows that the tritium breeding becomes more effective
with the partition of LigO zones inside the graphite
reflector.

Figure 8 shows the same reaction rate profile in
the blanket with It cm Be multiplier.

Neutrons will 3uffer some moderation in the beryl-
lium moderator. Therefore, the fissile breeding
profile decreases exponentially. Neutron back-
scattering from the neighbouring Li20 is very small.

As a result of the relatively softer neutron
spectrum, a depression in the Ll°(n,a)T profile can be
recognized, already In the first LijO zone.

Detector Activities. In fast neutron experiments,
very often threshold detectors are applied to measure
the neutron spectrum.

Figure 9 shows two typical threshold detector
responses in the blanket with k cm Be multiplier for a
point neutron source strength of 1.5 x 1011 n/sec, or
a line source strength of 109 (sec. cm)" 1.
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FIGURE 9. PERTINENT THRESHOLD DETECTOR
RESPONSES TJf THE BLANKET.

The activities A for the Cu(n,2n) threshold
detector have been calculated according to :

r

140

A =
Macroscopic threshold reaction cross
section for 1 gram of detector foil

Decay constant of the isotope produced by
activation (C't)

T : Irradiation time (8 hours).

The activities for the tr (n,f) threshold detector
represent the fission rate per gram of tlie correspon-
ding fissionable material in a miniature fission
chamber.

FIGVBE 8. THE FDSILE AND FISSILE 3REEDOTG,
FISSION AND NEUTRON PRODUCTION
DENSITIES IN THE BLANKET WITH k CM
Be MULTIPLIER.

6) Th232(n,2n)1) 2*Be(n,2n)

2) Be(n,2n)

3) Th232(n)Y)

It) 2*Th232(n,2n)

5) vz.

7) Th232(n,f)

8) U6(n,a)T

9) Li7(n,n',a)T

10) Total tritium.

One can see in Figure 9 that with a relatively
modest neutron generator yield of 1.5 x 1011 n/sec,
the detector activities are sufficiently high enough
to conduct experiments which could lead to the
determination of the fast neutron flux spectra through
unfolding methods.

Neutron Spectra. It was felt that it would be worth-
while to investigate the neutron spectrum in different
regions of the blanket.

Figure 10 shows the neutron spectrum in the blanket
with 8 cm Pb multiplier.

One can recognize easily that the spectrum through-
out the fuel zones is very hard, whereas, it becomes
gradually softer in the following zones. In the L12O
zones, there is a strorg depression of the low energy
flux due to the strong neutron absorption through the
Li-6(a,a) process.

Figure 11 depicts the neutron spectrum in the
blanket with k cm Be multiplier.

The neutron spectrum in the fuel zone of this
blanket is softer than in Figure 10, because of the
moderating properties of the Be multiplier. In the
middle of the fuel zone in Figure 11 the ratio of the
I't-MeV-peak to the second maximum below 1 MeV is
decreased to a value around 2. We remember that this
ratio in a comparable LOTUS blanket had been evaluated
as approximately 8 (see Figure 3 in ref. (15)]. This
demonstrates clearly that the neutron spectrum in a
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plane geometrical hybrid blanket differs greatly from
that in a prospective hybrid power plant, where the
hybrid has to cover the fusion plasma by a space angle
nearly kit.

to"

3

•a.
10

10

10

10 10 10 10 10 10 10 10 10

10 10 10 10 10 10
NEUTRON ENERGYt»V)

10 10
FIGDEE 11. NEUTRON SPECTRUM IN THE BLANKET WITH

It CM Be MULTIPLIER.

LEGEND : AS IN FIGURE 10.

FIGURE 10. NEUTRON SPECTRUM IN THE BLANKET WITH
8 CM Pb MULTIPLIER

1) In the fuel zone adjacent to the multiplier

2) In the fuel zone adjacent to the first
LipO zone

3) In the middle of the second LijO zone

i+) In the middle of the third LlgO zone.

A global information about the characteristics of
the neutron spectra by deeper penetration in the
investigated blankets can be extracted also from the
tables I to IV.

Table I shows the characteristics of the neutron
spectra at the right boundaries of different zones of
the blanket with 8 cm Pb multiplier 'excluding the
thermal energy group in the DLC-2 library below
0.4 eV).

In the Pb multiplier (zone 2) the number ot
neutrons is increased about 40 J (see also table V)
whereas the first Li?0 zone absorbes an importint
fraction of the incident neutrons. The neutron
backscartering from the LijO zone into the TI1O2 zone
[Lr3(-) = 0.075] is the main reason for a flat fissile
breeding profile in the figure 6. By passing through
each of the LigO zones, the neutron right leakage
fraction will be reduced by a factor of nearly 2,
whereas the graphite zones absorb only a small
fraction of the neutrons. The backward oriented

TABLE I. CUMULATIVE NEUTRON SPECTRUM CHARACTERIS-
TICS IN DIFFERENT ZONES OF THE BLANKET
WITH 6 CM Pb MULTIPLIER

Zone

1

2

3
it

5
6

7
8
9

Material

SS-316

Pb

ThO2

Li2O

C

Li2O

C

Li20

C

Lr(+)

1.02

1.1*0

1.02

0.56

0.41
0.23
0.18
0.08
0.03

Er(+)

10. 48

3.51
2.35
1.75
1.21
1.56
1.012
1.6

0.88

Lr(-)

0.0i(9
0.003
0.0751
0.135
-

0.037
-

0.023
-

Er(-)

0.3*5
4.4?9

0.475
0.014
-

0.007
-

0.004
-

LP(+) Fraction of the forward oriented neutrons at
the right boundary
Neutron leakage weighted average energy of
the forward oriented neutrons at the right
boundary in MeV
Fraction of the backward oriented neutrons at
the right boundary

2r(-) : Neutron leakage weighted average energy of
the backward oriented neutron at the right
boundary in MeV.

Er(+)

Lr(-)
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neutrons have relatively low energies, except on the
interface between the Pb multiplier - and fuel zones,
vhere only some high energetic neutrons are scattered
back.

The left leakage fractions from the strongly absor-
oiag lii_O looes into tiie gia?4ii.ta zooes ais oagligabls.

There is a continuous softening of the neutron
energy by deeper penetration with a little hardening
by passing from the graphite zones into the IJ.2O zones
where the average neutron energy shows a small
increase due to the strong neutron absorption at lower
energies.

Table II depicts the fractions of neutron right
leakage above certain selected energies, such as,
>10 MeV, >2 MeV, >1 MeV and >0.1 MeV,

TABLE IV. FRACTIONS OF THE FORWARD ORIENTED
J/EUTROHS IN DIFFERENT ZONES OF THE
BLANKET WITH 4 CM Be MULTIPLIER.

TABLE II. FRACTIONS OF THE FORWARD ORIENTE'
ZONES OF THE BLANKET WITH 8 CM Pb
MULTIPLIER

;UTRON

Zone

I
1

2

3
4

5

6

7

0

9

Lr>10 MeV

0.746

0.279

0.13

0.054

0.0284

0.02

0.01

0.007

9.7E-4

Lr>2 MeV

0.7543

0.376

0.185

0.08

0.044

0.032

0.018

0.013

2.7E-3

Lr>1 MeV

0.788

0.638

0.299

0.111

0.062

0.042

0.024

0.016

3.8E-3

Lr>0.1 MeV

0.955

1.273
0.824

0.347

0.122

0.089

0.037

0.028

5.7E-3

In table II, one can follow, horizontally and
vertically, the shifting and the attenuation of the
neutron spectra, respectively.

TABU III. CUMULATIVE tffiUTRON SPECTRUM CHARACTERIS-
TICS IN DIFFERENT ZONES OF THE BLANKET
WITH 4 CM Be MULTIPLIER.

I Zone
i

1

2

3
H

5

6
7

, °
9

Material

SS-316

Be

ThO2

Li2O

C

Li2o

Li^O

c

Lr(+)

1.08

1.26

0.74

0.39

0.30

0.17
0.14

0.07
0.03

Er(+)

10.02

5.55

4.24

3.52

2.49

2.98

1.98

2.75

1.31

Lr(-)

0.152

0.039

0.018

0.065

-

0.025

-

0.018

—

Er(-)

1.987

0.535

0.038

0.022

-

0.013
-

0.008

Zone

1

2

3
4

5

6

7

8

Lr>10 MeV

0.745

0.449

0.192

0.081

0.042

0.028

0.015
0.01

Lr>2 MeV

0.776

0.558

0.257

0.122

0.071

0.05

0.029

0.02

Lr>1 MeV

0.86

0.608

0.323
0.146

0.088

0.06

0.036

0.024

Lr>0.1 MeV

1 .024

0.69

0.535

0.277

0.123

0.096

0.048 ;

0.038 ;

Table III and IV give, similarly, a global infor-
ation about the characteristics of the neutron spectra
by deeper penetration into the blanket with 4 cm Be
multiplier.

Table V comprise the most significant neutronic
data about the overall performance of some selected
blankets.

TABLE V. MAIN NEUTRONIC DATA OF AYMAN HYBRID
BLANKETS WITH DIFFERENT MULTIPLIERS
(PEH 14 MeV NEuTflON)

Blanket
type

T6
T7
T

total
Th(n,2n)

•fiiln.f)

Th(n,Y)

Total
breeding

Be(n,2n)

Be(n,aba)

Pb(n,2n)

Pb(n.aba)

M

keff

Without
multiplier

0.720

0.105

0.825

0.159

O.OV?
0.356

0.170

1.178

_

-

-

-

1.906

0.121

t cm Be
nultiplier

0.643

0.073
0.716

0.104

0.031

0.647

0.107

1.364'

0.411

0.042

-

-

1.654

0.063

8 cm Pb
multiplier

0.859
0.043

0.901

0.057

0.020

0.508

0.087

1.409

J
j

0.452 |

0.015 |

1.581 [

0.042 i

Fission energy release +
* _ aetfcron heat release in llthlm ,
M T T M e V * 1

In this blanket geometry, the Pb multiplier has a
better neutron economy than Be, namely, higher (n,2n)
and lower absorption rates. The lower fission
reaction rate by implying a Pb multiplier aan be con-
sidered a favourable polat for a suppressed fission
blanket.
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CONCLUSION

The present work has evaluated the effects of
different neutron multipliers on the neutronic perfor-
mance of some prospective experimental fusion-fission
hybrid blankets in oylinderical geometry, as a closed-
geometry-blanket is needed to perform experiments in
the field of hybrid neutronics.

By moving a point neutron source along the axis of
the cylinderical blanket with a constant velocity, it
is possible to simulate a line source. This would
allow one to perform experiments in a one-dimensional
cylinderical geometry conditions which would greatly
facilitate the interpretation of the experiments with
numerical codes. Furthermore, this geometry will be
compatible with the tandem mirror hybrid reactor
design concept (3).

rhe investigations have demonstrated that a Pb
multiplier improves the overall fusile and fissile
breeding performance, whereas a Be multiplier allows
one to obtain the highest fissile breeding values.
However, the Pb multiplier is superior than the Be
multiplier, for the present blanket configuration, in
respect of neutron economy.

An another important conclusion of this study is
that a relatively modest neutron generator with an
output of 1.5 x 1011 n/sec would make it possible to
activate threshold detectors to satisfactory levels in
such a blanket, although foil activation measurements
require a relatively strong neutron source.
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CFFTP - A CANADIAN PROGRAM ON FUSION TECHNOLOGY
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ABSTRACT

A Canadian program on fusion technology
administered by the Canadian Centre Cor Fusion
Fuels Technology is described. The details include
the mandate, focus, funding and the five technology
areas. The achievements of the program to date are
given.

engineering services and consultations. Within the
CFPTP organization these specialized activities
have been arranged within a Technology Application
function. Funding for these activities is provided
on a contract basis by national projects requiring
these services in other countries.

MANDATE OF CPFTP

INTRODUCTION

The Canadian Fusion Fuels Technology Project has
been launched to strengthen Canada's scientific and
industrial base in regard to fusion fuels
technology and to coordinate the application of
that technology to international fusion power
development programs.

The project, CFFTP, is a national program backed
by funding from the Federal and Ontario Provincial
governments, and by Canada's largest nuclear power
utility, Ontario Hydro. CFFTP is one of Canada's
two technical initiative projects in fusion power
development. The first project, the Varennes
Tokamak, supports research in Magnetic Confinement
and Power Supply technology. These two technical
projects are conducted under the auspices of
Canada's National Research Council. Some work in
inertial confinement technology is also in progress
in Canada.

The project is based on the substantial
technology developed for the handling of tritium in
the CANDU system. The capital value of the CANDU
system in Ontario is approximately $20 Billion. It
is estimated that of this figure some $2 Billion
worth has been expended by Ontario Hydro and AECL
on research, development and acquisition activity
to manage tritium. It is this strong foundation and
present capability that makes the Fusion Fuels
program immediately viable and relevant to fusion
programs in the US, Europe and Japan.

The CFFTP project originated in 1981, and was
formally launched in 1982. Prom the outset, CFFTP
has operated a program of contracted-out research
and development. The RSD program is directed
coward the further development of existing Canadian
capabilities in five of the 3ix major fusion
technologies. These include Tritium Technology,
areeder Technology, Materials Technology, Equipment
Development (with emphasis on Remote Operations)
and Safety and Environment. The sixth technology
is that of Superconducting Magnets. The RS.D program
is now well established and its work program is
well underway.

There has been immediate opportunity for
Canadian industry to provide specialized

CFFTP has a mandate to extend and adapt existing
Canadian tritium technology for use in
international fusion power development programs.
It executes this mandate through four sets of
actions:-

- Supporting research and development activities
in technical areas related to fusion fuels
technology. Activities supported would be those
attempting to address identified needs in fusion
power development.

- Assisting the fusion community to find solutions
for specific problems in particular projects.

- Providing specialist staff for attachment to
fusion projects in order to facilitate the
exchange of technical information.

- Facilitating access for the fusion and
industrial communities to the results of CFFTP
development work. Access will also be provided
to other fusion related Canadian expertise,
either in technical institutions or in industry;
experts can be found to provide technical
assistance where requested.

CPFTP will guide interested parties to any
ongoing work, or to any agency in Canada involved
directly or indirectly in fusion and fusion fuels
development work.

FOCUS

The program is focussed on five main technical
areas. These are:-

- Tritium Technology: Emphasis is on problems of
fuel systems design, and on processing of wast-
and coolant streams from fusion reactic
chambers and air clean up from reactor vaults.

- Breeder Blanket Technology: Focus is on solid
breeder developments with emphasis on ceramic
fabrication and characterization, neutronics,
materials and engineering aspects, and
in-reactor irradiation tests. Efforts will oe
made to refine the technology of tritium
production and extraction.
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Materials Technology^ Emphasis is on the
effects of tritium and plasma on the first wall,
fuelling and breeder system materials. Tritium
permeability receives special attention.

Equipment Development: Emphasis is on remote
handling and manipulation, and on equipment
handling tritium. Fusion reactor maintenance
problems receive special attention.

Safety and Environment: Emphasis is on tritium
monitoring, tritium dosimetry and environmental
tritium dispersion.

FUND ING

Funding for the five-year project is set at
$16.5 million. The Federal Government provides 50%
of this funding. The Province of Ontario provides
25% of the funding, and the remaining 25% is
provided by Ontario Hydro. Funds are used to
perform research and development and technology
application activities to address fusion and fusion
fuel related problems. Ontario Hydro also provides
the site and offices to house CFPTP staff.

Figure 1 gives the CFFTP Budget details for years
1982 to 1986

manager for work performed by tha various Canadian
groups and paid for bj the host fusion project in
other countries. This wor.k is largely of an
engineering nature and is complementary to the RuD
program. It provides added direction to the RS2
program as well as clients for the products of the
R&D program, thereby giving the CFFTP increased
relevance to the world's fusion programs.

DETAILS OF THE TECHNOLOGY PROGRAM AREAS

The details of the five technology program areas
and technology applications are given below :

Tritium Technology

Objectives, Priorities and Critical Issues.
Objectives of this program area are to contribute
towards the application of existing tritium
technology to fusion for the near term fusion
programs and the development of new and innovative
processes for tritium management for the next
generation/ industrial scale applications.
Critical issues include development of systems or
approaches that will result in reduced inventory,
improved reliability and efficiency, lower cost of
the fusion device and reduced radiological impact
potential.

The program priorities include tritium storage
and management, plasma fueling and exhaust
purification, isotope separation for process
streams such as coolant detritiation, recovery of
tritium from breeding blankets, recovery of tritium
from building (air) and secondary containment
envelopes (inert gas), extraction and disposition
of radioactive wastes.

The followinq table (Table 1) summarizes the
contracts awarded by sector and supplementary
funding received in FY 1984/85.

TABLE 1: TRITIUM CONTRACTS

FIGURE 1: CFPTP Budget for 1982 to 1986

CATEGORY

TRITIUM

NO.
RVALUE
SUPP.FUND!

CONTRACTS AND

AECL

5
210,695
38,000

OUT. HYDRO

13
341,334
217,400

VALUES BY

INDUSTRY

5
61,870
20,000

SECTOR

TOTAL

22
613,899
275,400

TECHNOLOGY APPLICATION ACTIVITIES

There has been an increasing opportunity for the
involvement of Canadian nuclear and remote
operations industries with Fusion Projects in other
countries. The need is now present in these
projects for some aspects of the tritium technology
and remote handling skills that have been developed
over the years in the Canadian nuclear and
aerospace industries.

CFFTP haa acted to introduce Canadian industry
to these projects and as coordinator and pcoject

Accomplishments. Examination and development of a
number of novel processes and approaches were
undertaken in 1984-85. Highlights include:

. A reference Tritium Systems Flowsheet for the
Next European Torus (NET) project has been
prepared. The work is part of an overall review
process of the options for various sub-systems
in the fusion fuel reference flowsheet for SET
that will continue until 1986. The competing
processes for each of the major applications
have been identified, evaluated and a most
suitable process selected. Corresponding
preliminary design descriptions have been
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prepared. The participating contributors were
Atomic Energy of Canada Ltd.- Chalk River
Nuclear Laboratory, Ontario Hydro, Sulzer Canada
Inc. and CFFTP.

A study of compact alternate magnetic
confinement fusion experiments and conceptual
reactor designs was completed and published.
This study identifies the devices with a
potential to burn tritium in the near future.
Several of the concepts show promise of either
burning tritium or evolving into tritium burning
devices by the early 1990's. Of the several
evaluated concepts only the Frascati Tokamak
Upgrade has had funds allocated. The evaluation
forms a oasis of assessment of the applicability
of the present- CFFTP R&D program to the compact
reactor concept. Contributors to the study were
OHRD and CfFTP.

Initial work on the Laser Tritium Separation
Process development project was completed.
Highlights include the demonstration of a highly
efficient waveguide-based laser dissociation
cell and the development of an experimentally
verified analytical model describing the
interchange of hydrogen isotopes/ water and the
process gas trifluoromethane in the presence of
rate enhancing solvents and catalysts. The
objective of the work was to develop a compact,
cost effective, on-line method of removing
tritium from any water stream/ for a very wide
range of concentrations of tritium in the
water. This work was performed by OHRD.

. An electrolysis cell for highly tritiated water
is being developed. During the initial phase of
she project the test cell was designed and built
and it is ready for testing and demonstration
operation with tritium. Tests will be conducted
during 1985-86. This work was performed by CRNL.

A study was undertaken by OHRD to design,
assemble and test both bench and pilot scales of
a gas chromatography system for fusion fuel
clean-up. Results demonstrated that 0.5. to 1.5
1/hr of gas can be processed with removal of
virtually all H2 and HD, 85% of the HT, loss of
Z0\ of the 02 while retaining all of the DT and
the T2. A beta sensitive detector for the
quantification of* the various forms of tritium
was designed, fabricated and tested. A patent
application has been made.

Collaboration has been established with
international fusion programs through cooperative
projects or attachments of personnel to Next
European Torus (NET) in West Germany, the
University of Rochester and Lawrence Livermore
National Laboratory in California.

Breeder Technology

Objectives, Priorities and Critical Issues.
Objectives of this program area are the
identification of breeder design alternatives
considering breeding material, coolant, structure
and neutron multiplication, ranking of reactor
concepts and focusing on a breeder material with
nigh concept and/or application relevancy.

Breeder technology is an important functional
element of the fusion fuel cycle for the purpose of
manufacturing tritium as the fusion fuel. It also
plays a dominant role in the overall commercial
viability of the fusion energy generation concept.
This critical role is displayed through impact on
the reactor core geometry, neutronics economy,
cooling and heat conversion complexity and
efficiency, reliability, safety and environmental
impact.

The following table (Table
contracts awarded by sector
funding received in FY1984/85.

2) summarizes cne
and supplementary

CATEGORY

BREEDER

NO.

RVALUE
SUPP.FUND$

TABLE 2: BREEDER CONTRACTS

CONTRACTS AND VALUES 3X SECTOR

AECL INDUSTRY TOTAL

10
1,000,000
382,382

1
40,000
0

11
1,040,000
882,382

Accomplishments. The fusion breeder olanket
program with AECL-CRNL was launched in June 1984
and its first months have been largely directed to
building facilities and developing the technology
required to accomplish the main objectives of the
program in 85/86 and 86/87. The project is largely
being carried out by AECL-CRNL who also have
contributed significant supplementary funding.
Significant achievements have already come from
some program elements and international recognition
of Canada as a contributor :o this critical area of
fusion technology has been achieved quickly.

evidence of this is the many contacts and visits
by representatives of major foreign fusion
programs; collaboration with them has oeen
established even at this early stage in some
program elements and the prospects for joint work
are promising in others. The concept of having an
integrated multi-element program focused on tne
breeder theme has proven to be very effective both
in terms of internal and external interactions and
in providing the momentum needed to achieve the
goals of the program.

Additional work using lithium salts dissolved in
heavy water as a self-cooled breeder process has
been initiated under a joint program between CFFTP,
Grumman Aerospace and Rensselaer Polytechnical
Institute (RPI). As the lead industrial
participant, Grumman Aerospace has applied, on
behalf of CFFTP and RPI, for a U.S. patent covering
this novel process.

Materials Technology

Oblectiyes,Priori ties and Critical Issues.
Objectives of this program are: (1) to contribute
towards resolving critical issues in materials
technology required for fusion; (2) to develop
special materials and devices for fusion
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applications; (3)
technical expertise.

co establish and maintain

The research program is carefully focussed, with
tritium as its central theme, and is complementary
to, and coordinated wich, other materials research
programs in the fusion community. High priority is
given to addressing critical materials areas
identified for present and near-term devices such
as TPTR and JET. Basic research is also conducted
to permit improved understanding of
tritium-material interactions and provide database
and technology for longer-term devices such as NET
and the U.S. Ignition device.

Critical issues include: plasma first-wall
interactions, radiation damage to materials and
mechanical behaviour of irradiated, H/T/He
implanted materials, tritium permeation in
materials and development of special materials.

The fusion reactor environment is extremely
hostile to materials. There is inadequate
information based on present knowledge and
extrapolation from fission experience to predict
material behaviour and confidently design
components for D-T burning reactors. Significant
R&D, much of it long term, is needed.

The following table (Table 3) summarizes the
contracts awarded by sector and supplementary
funding received in PY1984/85.

TABLE 3: MATERIAL CONTRACTS

Initiation of a plan £or a low-level tritium
research laboratory for JTIAS.

A three year program was initiated at McMaster
University's Institute for Energy Studies (MIES) on
tritium interactions with fusion fuelling and
breeder systems with emphasis on t n t u m
permeation, methane production,
development of permeation barriers, and of a system
code, to model tritium migration and inventory in
fusion systems. Studies completed in 1984-35
include a computer simulation and optimization for
the measurement of tritium profiles in solids and a
comprehensive literature review of tritium sorption
and methane production in breeder and fusion
reactor environments.

In addition to R&D programs at UTIAS and MIES,
studies were conducted at TEXTOR, Julich, on
asymmetric permeation of tritium through metal
composites. The key features of the permeation
theory through composites were verified
experimentally. As a result of this work, a patent
has been applied for by OKRD on behalf of Ontario
Hydro. A study on the evaluation of organic
coatings as barriers against tritium permeation
into concrete surfaces was also completed.

Close collaboration has been established by the
UTIAS group with the U.S. (Sandia Labs, PLT, TFTR,
INEL and European (Culham, JET, TEXTOR) fusion
programs. The asymmetric permeation study was
conducted at KFA, Julich. A meeting was held wit.T
the U.S. DOE, PPPL, Sandia Labs, and INEL in
January 19S5 to identify areas of mutual interest
and potential future collaboration.

CATEGORY CONTRACTS AND VALUES BY. SECTOR

MATERIAL ONT. HYDRO INDUSTRY UNIVERSITY TOTAL

NO.
RVALUE
SUPP.FUND.i

2
69,
39,

815
895

1
28,
32,

877
257

381
323

10
,010
,769

479,
395,

13
702
921

Accomp1ishments. The fiscal year 1984/85 saw
further progress in an ongoing study to generate
scientific and engineering data for design and
selection of first wall materials. The study is
being conducted at the University of Toronto
Institute of Aerospace Studies (UTIAS) with
emphasis on volatile production, hydrogen species
retention and permeation in the first wall.
Progress in 1984/85 included:

- Further development, design and characterization
of special experimental equipment such as the
low energy high flux ion accelerator, the sub-e"
H beam source, the permeation test facility, and
tne laser-thermal desorption facility for
retention studies.

- Hydrogen retention experiments with single
crystal graphite and coated samples from JET.

- Experimental studies of the permeation of
molecular and atomic hydrogen through Palladium
membranes.

Equipment Technology

Objectives and Priorities. The objective of the
equipment development program is to assist Canadian
industry in the development of equipment for fusion
and associated applications and to foster Canadian
involvement in developing world fusion programs.

The key hardware areas of this program are
focussed on the extension of capabilities developed
in other applications such as fission and the space
program to fusion power. Examples include remote
handling, hydrogen compatible components - valves,
seals, pumps, containers, vapour recovery driers
and protective clothing.

The following table (Table 4) summarizes the
contracts awarded by sector and supplementary
funding received in FY1984/85.

TABLE 4 : EQUIPMENT CONTRACTS

CATEGORY CONTRACTS AND VALUES BY SECTOR

EQUIPMENT AECL ONT. HYDRO INDUSTRY TOTAL

1NO. 1 1
RVALUE 24,325 25,000
SUPP.FUND.? 0 0

9 11
609,371 658,696
0 0
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Accomplishments. A Canadian remote handling team
which was attached to the TFTR at Princeton
University in October, 1983 completed Phase I work
oi the cooperative remote handling agreement
betu^en CPFTP and TFTR on March 31, 1985. The team
consii.-»d of staff assigned from CAE, SPAR and
DSMA-ATCON. Phase I work covered analysis of TFTR
remote handling requirements, definition of needs
and development of an implementation plan. As a
result of this work, i) demonstration equipment for
port cover removal has been manufactured;
manipulator software prepared; and a demonstration
carried out; ii) components of a tele-operator
system manipulator have been purchased and
software completed; the manipulator has been
delivered, assembled and installed for trials; iii)
moveable limiter and protective plats mockups have
been completed; iv) demonstration of tile
maintenance using "hands-on" techniques was
performed; design has been developed for fully
remote proof-of-principle demonstration; v) a
conceptual design for the boom type manipulator was
completed; vi) a conceptual design for a track
system to provide support and transport method for
1VM was completed; a».d vii) a conceptual design of
mockup control room including design drawings for
control room and workstations were completed.

Negotiation between CPPTP and JET resulted in
the appointment of a Canadian remote handling
specialist as Remote Handling Applications Group
Leader at JST, for a five-year term.

Other accomplishments include a study on pellet
injector technology for fusion reactor fueling,
development of a tritium vacuum pump (a patent
application has been made) which has extremely low
tritium leakage rates by Nova Magnetics Ltd. of
Nova Scotia, and a study to evaluate hands-on
versus remote maintenance for INTOR, from safety
and economic standpoints.

Safety And Environment

Objectives and Priorities. The safety-related
aspects of tritium and its effects on the natural
environment are areas where there is considerable
Canadian expertise and where CANDU experience can
be extrapolated to fusion applications. The
objectives and associated strategies of this area
are to: (1) conduct H&D to adapt and extend
existing Canadian experience in tritium 3afe
handling, safety assessment, control, monitoring,
and personnel protection to meat the requirements
of near-term fusion reactors and tritium
laboratories; (2) conduct research to address
generic tritium safety issues related to doaimetry,
in-plant and environmental behaviour with emphasis
on the gaseous form of tritium.

The program is focussed on four main R&D areas
11) development of tritium monitors; (2) dosintetry
developments; (3) environmental impact assessment,
and (4) fusion safety analysis.

TABLE 5: SAFETY AND ENVIRONMENT CONTRACTS

CATEGORY CONTRACTS AND VALUES 3Y. SECTOR

SAFETY AECL. ONT. HYDRO INDUSTRY TOTAL

NO. 5 9 5 19
RVALUE 231,739 248,572 60,634 540,945
SUPP.FUND.$ 250,127 92,261 7,500 349,888

Accoroplishments. Highlights of 1984/85 include:

Initiation of a major three-year tritium monitor
development program at CHNL, with the objective
of supplying to the world fusion community a
full range of commercially availaole
instruments. Work is well underway on the
development of a general purpose
gamma-compensated tritium area monitor, and an
HT/HTO discriminating monitor.

- Completion of a study on tha internal dosimetry
of HT gas.

- Completion of a study on the deposition and
conversion of elemental tritium in tne
environment.

- Completion of a comprehensive literature review
of HT to HTO conversion reactions.

- Initiation of an international comparison study
of tritium dispersion codes.

Ontario Hydro's Health and Safety Division has
developed a portable HT/HTO tritium discriminating
monitor. A patent application has been filed with
the CJ.S. Patent Office.

A manual on Canadian tritium experience was
completed. This manual documents key aspects of
the considerable Canadian experience in Canadian
tritium technology and CANDU operation.

A Canadian health physicist was attached t-o JET
(April-June, 1984) to assist in the definition of
JET'a tritium 3afety program. The result of this
work was contained in a JET report "Guidelines for
the Management and Control of Tritium Related
Occupational Exposure". Subsequent negotiation
with JET resulted in a three-year attachment of a
Canadian safety engineer to JET in March 1985.

Technology Applications

Objectives and Priorities.

The following table (Table
contracts awarded by sector
funding received in PY1984/85.

5) summarizes the
and supplementary

The Technology
Applications activity at CFPTP was initiated to
offer services to international fusion projects.
These services are based on established Canadian
tritium technology gained from thirty years of
experience operating power and experimental fission
reactors and also more recently from the extensive
R&D program focussed on tritium technology as
applied to fusion fuel cycle requirements. Services
include design, design reviews, supply and
installation, commissioning and project management.
These activities help focus CFFTP R4D programs and
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ensure the relevance of these programs to the
world's fusion developments.

Accomp1ishments. CFFTP has obtained recognition in
USA, Europe and Japan. There appears to be
considerable interest in the services being
offered. Highlights of the contracts awarded to
CFFTP Technology Applications during the year
include:

TFTR: A team composed of Grumman Aerospace
Corporation staff and Canadian nuclear specialists
completed the precommissioning analysis of TFTR
tritium systems at Princeton and submitted plans
for the commissioning of these systems. The work
constituted Phase 1 of a program designed to place
TFTR tritium systems in operation ready for tritium
burning experiments.

Frascati: Completion of a design study for the
Frascati Tokamak Upgrade (FTU) in Italy to evaluate
alternatives and develop preliminary designs for an
emergency air detritiation system and a torus
exhaust clean-up system.The fuel purification
system is an on-line system configured for
containing up to one gram of tritium. The tokamak
hall air cleanup system is intended to recover and
contain any tritium spilled in the event of a
breach of tritium containment.

Minimars: Participation in a two-year mirror
reactor (MINIMARS} design study led by the Lawrence
Livermore National Laboratory in the U.S. The
Canadian team will design the entire tritium
handling system (except the breeders and fuel
injection) and will address safety and maintenance
aspects.

KfK: A t .=•'hnical review was completed of the design
concept for a tritium laboratory at
Kernforschungszentrum Karlcruhe Nuclear Research
Centre (KfK), Karlsruhe, K- Germany.

Frascati Accelerator: Preliminary engineering was
completed of a target exhaust cleanup system and an
air dettitiation system for an accelerator facility
at Frascati, Italy.

University Of Rochester: Preliminary engineering
was completed foe a Tritium Fill Station for the
University of Rochester Laboratory for Laser
Energetics.

Tritium Safe Handling Training Course: Tritium safe
handling training courses were conducted at
Princeton University (June 1984) and in Canada
(September and November 1984). About 70 people
from 3 different countries in North America, Europe
and Japan participated in these cuurses.

ASSIGNMENTS TO FOREIGN FACILITIES

One of the methods for exchanging information
between organizations is via staff assignments or
attachments to foreign facilities. Sixteen people
were on attachment to foreign facilities in 1984/85
for terms ranging from 1 month to 2.5 years in
length. They are assigned to projects in the
United States, England and West Germany.The details
of the assignments are given below.

Next European Torus (NET), Garching, West Germany:
Determination of progress made oy European
laboratories on existing research and developmen-
program pertaining to tritium, participation ir.
review of NET technical objectives, c n c i c a -
issues, and design criteria involving NET team.
Participation in the NET Tritium Systems Definition
effort.

Massachusetts Institute of Technology L1IT),
Boston/ Mass: Studies in fusion breeder blankets
with emphasis on tritium production from helium-i
injection into moderators of CANQU reactors,
Analysis of the relative safety between tokamaks
and mirror fusion devices.

University of California, Los Angeles (UCLAj;
Participated in the FINESSE study led by UCLA co
identify and ran.< critical fusion technology
issues, to evaluate and quantify testing needs ana
to identify testing facilities.

TFTR, Princeton Plasma Physics Laboratory,
Princeton, M. J.: The purpose is to organize a team
of people, working at Princeton, to estaolisn
primary shield, identify refurbishment requirements
and remote handling procedures so that remote
handling equipment for the maintenance of TFTH
following 1989 could be provided.Conceptual design
of several subsystems for remotely executed
maintenance and repair of TF^.j was carried out.
Also the layout and detailed design/development of
components used in a limited demonstration of
feasibility of the proposed design concepts was
done.Conceptual design of remote handling equipment
for major TFTR subsystem components.

TFTR, Princeton Plasma Physics Laboratory,
Princeton, N.J. The objectives ace: (1/
Conceptual design of remote handling equipment for
major TFTR subsystem components, and (2) Develop
plans to demonstrate proof of principle testing to
verify concepts.

Alternate boom configurations of the positioning
and support system were studied to maximize
stiffness. Alternate drive arrangements i.e, gear,
harmonic and link concepts were also investigated.

TFTR, Princeton Plasma Physics Laboratory,
Princeton, N.J.: The contract was for: (1)
Carrying out demonstrations of control and display
techniques foe the remote handling demonstrations,
(2) Developing concepts for the remote maintenance
control center for TFTR, and ( 3) Developing
concepts for the remote inspection of the vacuum
vessel of TFTR.

Fusion Engineering Design Centre (FEDC), Oak Ridge,
Tenn.: Assist in technical studies associated wicn
the U.S. INTOR contribution, primarily in the area
of safety and maintainability. Establish a
Canadian involvement in the INTOR project via the
U.S. program. Produce documentation in support of
INTOR objectives and other involvements as
appropriate.

Joint European Undertaking (JET), Culham. England:
The purpose of this contract is to lead remote
handling applications group at Joint European Torus
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fusion reactor experiment located at Culham,
England. The following tasks are completed.

1. Familiarization with the JET machine and the
Fusion Technology Division.

2. Formulation of the remote handling overall
control system.

3. Formulation of an 18 month work plan for the
remote handling applications group.

Lawrence Livermore Nuclear Laboratories 1LLNL),
California: Technical support and consultations to
Lt,NL for the MINIMARS commercial reactor study in
the areas of tritium systems and health and safety.

Joint European Torus (JET), Culham, England:
Assignment to UKAEA as Safety Engineer for JET
Tritium Recycling System, including safety and
licensing analysis on JET tritium systems and other
work as requested by the Site Joint Safety Officer.

Joint European Torus (JET), Culham, England:
Provide assistance to JET staff in the areas of
health physics and radiological safety issues
inherent in using tritium as a fuel in the Joint
European Torus.

TECHNOLOGY FOCUS AND BUSINESS OPPORTUNITIES

A measure of performance of a project such as
CFPTP is that it reach its direct goals in fusion
technology development and successfully integrate
its activity vithin global fusion R & D programs.
The program has been effective in .aaching this
important goal. Evidence for this exists in the
numerous examples of joint R&D programs, staff
attachments and assisting foreign projects through
paid contracts. Funds which have been provided for
the project by the funding partners have been
supplemented by subcontractors undertaking
activities for CFFTP. :or the first three years of

the program these supplementary funds have amounted
to $2.96M over and above the direct program funds
of $7.9M bringing the overall total to $10.86M.
Furthermore, opportunities are present for the
linking of CFFTP objectives with other Federal
agencies such as DRIE resulting in better focussing
and a strengthening of efforts to raise the
technology level of Canadian industry and make it
more competitive in markets at home and abroad.
Thus the program has become successful at providing
a focus for the commitment of resources to
capitalize on previous strengths and prepare them
for application in new areas of energy and
technology development.

A further feature worthy of emphasis is that
"new monies" are being brought to the program.
These monies are from the budgets of international
programs. They have been secured on a competitive
basis by CFFTP for Canadian industrial and research
activity to provide specialized engineering or
hardware to the programs of other nations. In
1984-85 contracts were carried out bringing
additional revenues in the amount of $285,000 to
Canadian industry. For 1985-86 the projected value
of such contracts is estimated at $2 million. While
these levels are still modest it is important to
realize that fusion energy development programs are
just now entering the stage of development which
requires the tritium and remote handling
technologies that are emphasized in the CFPTP
program. Thus there will be greater future
opportunity to export Canadian engineering skills
and hardware for international currencies.

Figure 2 demonstrates the past and projected
future growth of funds created by CFFTP
"seed-monies" during the five year term. This
growth of funds is directly related to the
focussing of technical activities and tne
development of business opportunities.

Cumulative Socnriing anil Funding Source
Sinr.e April 1982 and Projected to March 1987

Cumulative Budnet • Ouinul.Mive Budofft o'us
Sj(|jp)li!inoiit,lry Fiindirn)

FIGURE 2: Cumulative Spending and Funding Source
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CONCLUSION OHTE
ORNL

The Canadian Fusion Fuels Technology Project is PPPL
dedicated to strengthen Canada's scientific and RPI
industrial base in regard to fjsion fuels TEXTOR
technology and to coordinate the application of
that technology to international fusion power TFCX
development programs. The program has become TFTR
successful at providing a focus for the commitment TSTA
of resources to capitalize on previous strengths WNRE
and prepare them for application in new areas of UCLA
energy and technology development. There will be URLL
greater future opportunity to export Canadian UTIAS
engineering skills and hardware for international
programs leading :o jobs for Canadians.

Ohmically Heated Toroidal Experiment
Oak Ridge Nuclear Laboratory
Princeton Plasma Physics Laboratory
Rensselaer Polytechnical Institute
Tokamak Experiment for Technology Oriented
Hesearcn
Tokamak Fusion Core Experiment
Tokamak Fusion Test Reactor
Tritium Systems Test Assembly
Whiteshell Nuclear Research Establishment
University of California, Los Angeles
University of Rochester Laser Laboratory
University of Toronto Institute for
Aerospace Studies
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CANDU REACTOR EXPERIENCE: FUEL PERFORMANCE
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ABSTRACT

Ontario Hydro has more than 126 reactor-years
experience in operating CANDU r e a c t o r s . Fuel perfor-
mance has been e x c e l l e n t with 47 000 channel f u e l l i n g
operat ions s u c c e s s f u l l y completed and 99.91 of the
more than 380 000 bundles irradiated operating as
des igned. Fuel performance l i m i t s and fuel de fec t s
have had a negligible effect on station safety, reli-
ability, the environment and cost. The actual incap-
ability charged to fuel la less than 0.1Z over the
stations' lifetimes, and more recently has been zero.

INTRODUCTION

CANDU-PHH reactors are the bas i s of the Canadian
n u c l e a r - e l e c t r i c generat ion program. Ontario Hydro
has more than 126 reactor-years experience in opera-
t ing CANDU r e a c t o r s . The 1984 i n - s e r v i c e nuclear
capacity i s 12 u n i t s generating 6869 MHe. Nine more
u n i t s generating 6941 MHe w i l l be i n - s e r v i c e in the
period 1985 to 1992. Both Quebec and New Brunswick
have one 600 MHe unit g i v i n g t o t a l committed Canadian
CANDU capaci ty of 15010 MHe. Argentina and Korea a l s o
operate one 600 We unit each.

In t h i s paper we o u t l i n e Ontario Hydro's reactor
experience with respect to f u e l , Including fuel
management s t r a t e g y and assoc ia ted date base , defect
behaviour, fuel performance, and fuel usage as of 1984
December 3 1 .

FUEL MANAGEMENT

Ontario Hydro's f u e l management encompasses all
fuel cycle a c t i v i t i e s , including the commercial and
technical ac t iv i t i e s associated with material
purchases, Inspection, transportation, use and
storage.

The once-through natural uranium fuel cycle used In
CANDU-PHW reactors has been developed and improved
with an integrated "team" approach Involving AECL,
Ontario Hydro, the fuel manufacturers (Canadian
General Electric Limited, Westinghouse Canada Inc. and
Combustion Engineering-Superheater Limited) and the
UO2 powder producer Eldorado Resources Limited.
Much of the early part of this work was provided by
AECL's research and development laboratories. As the
program has grown, Ontario Hydro has expanded Its
capability in these areas and is fully conversant with
a l l aspects of fuel management as defined above.

•Member", CNS

Close liaison (1) continues between all members of the
tean, and is a key ingredient in achieving economical,
high performance fuel.

The fuel for commercial CANDU-PHW reactors consists
of 500 mm long bundles 'if natural uranium dioxide with
CANLUB-coated Zlrcaloy-4 sheathing approximately 0.4
mm thick. Each Pickering fuel bundle is mads -:p of 28
elements, of 15.2 mm O.D. Bruce fuel is similar, with
37 elements of 13.1 mo O.D. Each horizontal fuel
channel contains the equivalent of twelve bundles
in-core. Most reactors use 4/3 bundle refueling, with
the central channels being refueled in four-bundle
Increments and the outer channels having eight-bundles
added and discharged during each refueling. The
four-bundle shifting in the central core region
results in higher burnup and less channel power
variation than Is obtained with eight-bundle shifts.
The fuelling zones are shown schematically in Figure 1
for the Bruce A reactor core.

FIGURE 1: BRUCE NGS-A FUEL SHIFTING MAP OF REACTOR
CORE FACE.

Fueling performance has been excellent, with more
than 47 000 channel fueling operations successfully
completed and 99.92 of more than 380 000 fuel bundles
operating as designed. Table I summarizes the fuel
handling experience for each station. The outer ele-
ments of a CANDU fuel bundle experience the highest
powers and burnups. Figure 2 shows the outer element
linear powers and burnups of 6240 fuel bundles in
Bruce Unit 1 taken at one instant in time (a "snap-
shot") in March 1983. To Interpret the graph In terms
of outer element performance statistics, multiply each
point shown by 18 giving 112 320 data points. The
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TABLE L FUEL HANDLING EXPERIENCE LIFETIME TO
1984 DECEMBER 31

P i c k e r i n g P i c k e r i n g Bruce Bruce
NGS-A NGS-B NGS-A NGS-B

Number of
Channel
Fueling
Operations

Number of
Bundles
Replaced

Bundles
still
in Reactors

17 812

169 294

9 360

1 679

7 464

13 680

27 423

150 393

24 960

219

876

12 480

effects of bundle radial flux depression can be incor-
porated giving a total of 230 880 fuel element data
points. All elements at significant power experience
a constant well-defined axial neutron flux. These
data are extracted from reactor physics and refueling
calculations routinely performed at least once per week
for every reactor and more often if requested by the
station fueling engineers. This information Is stored
on computer files for every fuel bundle Irradiated by
Ontario Hydro.

These data can be processed to define an individual
element history. Figure 3 shows a typical outer

FIGURE 2: OUTER ELEMENT LINEAR POWER VERSUS BURNUP
FOR ALL FUEL BUNDLES IN BRUCE NGA-A, UNIT 1 (1983
MARCH 31). ONE POINT REPRESENTS 18 OUTER ELEMENTS.

: 3!

i
s
i_
£

I
i

element power history for a bundle from a Bruce-A hlg
power channel (four-bundle shift region). The three
distinct power levels in its history result from its
residence in channel positions 3,7 and 11 respective
ly. He expect to operate Bruce fuel at a power level
81 above this.

For Bruce SGS-A, Figure 4 shows the percentage of
outer elements discharged as a function of discharge
burnup. The peak at approximately 135 HH.h/kg U is
from lower buraup fuel discharged from the eight-
bundle shift region. These are currently being
assessed as candidates for recycle Into the four-
bundle shiit channels. Based on the sane data,
Figure S shorn the percentage of outer eleaenta
experiencing the oaxlau* power shown at soae tine
during their lrradiatisa. as a function of linear
jiower . Figure 6 gives the distribution of tines
spent In the primary he*t transport system. This
Information is used to quantify our fuel scheduling
experience, develop Improved operating guidelines and
Interpret fuel defect Information.

snucs NGS-A )9B2 OUTER SLEMENT
DISCHARGE BURNUP DISTRIBUTION

3 -

2 -

I -

200 300
BURNUP (MW-h/kgU)

FIGURE 4 BRUCE NGS-A, OUTER ELEMENT DISCHARGE
BURNUP (1982).

5
a.

BRUCE NGS-A 1982 OUTER ELEMENT PEAK
-OPERATING POWER DISTRIBUTION FOR
DISCHARGED FUEL

10 20 30 40 50 SO
OUTER ELEMENT UNEAR POWER (KW/m)

BURNUP ifiHH/KQ U)

FIGURE 3 OUTER ELEMENT POWER HISTORY FOR BRUCE NGS-A
FUEL (FOUR BOKDLE SHIFT REGION, POSITIONS 3 / 7 A 1 ) .
AVERAGE POWER.

FIGURE 5 BRUCE NGS-A, OUTER ELEMENT PEAK OPERATING
POWER DISTRIBUTION FOR DISCHARGED FUEL ( 1 9 8 2 ) .
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FIGURE 6: BRUCE HGS-A, FUEL RESIDENCE TIME
DISTRIBUTION FOR DISCHARGED FUEL (1982).

In addition to Che operating data, hot-cell
examinations are essential to confirm defect
causes so that appropriate follow-up action can be
taken. Ontario Hydro nuclear operations owns and
maintains a shipping flask for irradiated fuel. The
maximum capacity is two CANDU fuel bundles or 30
individual eleaents in holders. Since its purchase in
1969 this flask capacity has been adequate for all our
fuel performance needs. During the period from
purchase to the end of 1984, 89 shlpnents have been
completed to CKNL and WNRE for fuel test programs and
defective fuel examinations* The total distance
travelled by the flask without incident has been
approximately 95 000 kilometers.

To ensure that shipments of defected fuel arrive at
the AECL hot-cells in a state undamaged by additional
oxidation, a program has been performed at CRNL to
define the time/temperature oxidation behaviour of
defected irradiated fuel (2). He have used such
information to define flask heat load limits for fuel
shipments, and to determine if inert covering gas
should be used to minimize oxidation.

DEFECT EXPERIENCE

In Ontario Hydro power reactors, we have
experienced fuel defects resulting from four primary
causes:

- stress corrosion cracking (SCO of the Zlrcaloy
sheathing as a result of high stresses
experienced during refueling power ramps,

- fi bricatlon flaws such as a small "piping" path-
way in the fuel sheath to end-cap weld or in the
end-cap itself, which allows ingress of primary
heat transport fluid into the fuel element,

- delayed hydride cracking (DHC) in the sheath to
end-cap weld area, driven by high stresses
experienced during refueling power ranps, and

- sheath penetrations caused by fretting by a snail
amount of debris In the heat transport circuit.

Table 2 shows the number of fuel bundles irradiated In
Pickering NGS-A, Pickering NGS-B, Bruce NGS-A, and
Bruce NGS-B, the numbers found or suspected to be
defective and the defect rates* Suspect fuel defects
are those discharged because of monitoring system
signals but not confirmed visually.

At Pickering NGS-A, the Identified defective fuel
bundles have been only 0.0632 of the total, with 90Z
of the defects occurring in the first 2 years of
operation due to SCC following power increases during
irradiation. Simple changes in control rod sequencing

TABLE 2: FUEL DEFECT EXPERIENCE LIFETIME TO
1984 DECEMBER 31

Pickering Pickering Bruce Bruce
NGS-A NGS-B NGS-A NGS-B

Bundles
Irradiated

178 400 16 300 175 100 13 300

Bundles
Defective
Defect Rate

mStation
Incap-
ability (Z)

113

0.063

0 .1

20

0.123

0 .0

223

0.127

0 . 0

0

0 . 0

0 . 0

and fueling schemes to reduce transient local power
increases have virtually eliminated this type of
defect (1). More recently, less effort has been
devoted to Identifying defects at Pickering NGS-A.
However, fission product levels in the heat transport
system Indicate that the defect rate is approximately
0.05Z.

During the first year in service of Units 1 and 2
at Bruce NGS-A (1977-78), defective fuel bundles were
detected by the DN system and subsequently discharged
from the reactors. Visual Inspections In the
station's irradiated fuel bay confirmed the presence
of defective fuel. Analyses of the bundle operating
power histories Indicated that the defects had a low
probability of occurring as a result of power
increases. Selected bundles were examined by AECL in
hot cell facilities at CRNL and Whlteshell Nuclear
Research Establishment (WNRE) to determine the defect
cause. Through detailed visual examinations, neutron
radiography, gas puncture analysis, leak testing and
metallography, the primary defects vere shown to be
fabrication flaws. Of the defective elements
examined, 80S were shown to have defects due to
Incomplete sheath to end-cap closure welds. The
majority of flaws were very small oxide-filled
strlngerB In the weld area which allowed Ingress of
the primary heat transport fluid into the fuel
element. Figure 7 shows a typical leak path. Another
101 of the fuel examined was shown to be defective due
to 3trlngers through the end-cap itself. The balance
of defects were caused by debris fretting. The

100 pm

FIGURE 7 TYPICAL LEAK PATH DUE TO INCOMPLETE SHEATH
TO END-CAP CLOSURE WELD. MICROGRAPH OF WELD INTER-
FACE.
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sheathing damage observed In Che Irradiated fuel bays
was secondary damage which occurred during fuel
Irradiation.

Early in 1984, high heat transport iodine levels
indicated fuel defects in Unit 3 of Bruce NGS-A. Fuel
inspections localized the problem to fuel bundles that
had recently been shifted crom low to high powered
positions* A fuel management scheme was instituted to
remove suspect fuel and to prevent further defects .
During the f i r s t 5 months of 1984, 36 defective
bundles were removed from Unit 3 , and Iodine levels
returned to normal. Hot c e l l examinations have
tentatively identif ied the primary cause as DEC in the
sheath weld heat affected zone. Design changes have
already been implemented. Bruce NGS-A experienced a
O.36Z defect rate during 1984 with a l i fet ime defect
rate of 0.131.

At Pickering NGS-B the l i fet ime fuel defect rate is
0.122* The 1984 defect rate (0.283) was unusually
high due to debris-frett ing defects which probably
were caused by debris from primary heat transport
system strainers that fai led during commissioning
tests* Typical frett ing wear is shown in Figure 3 .
The fuel defect rate at Bruce NGS-B remained at less
than 0.05% during 1984.

FIGURE 8: DEBRIS FRETTING DEFECT

FUEL PERFORMANCE

Fuel ut i l izat ion experience continues to be
excellent with current average discharge burnupa of
203 MH.h/kg U at Pickering NGS-A and 200 MW.h/kg U at
Bruce NGS-A. Fuel bundles routinely operate at
burnups up to 280 MH.h/kg 0.

Since 1980, Ontario Hydro has achieved a burnup
increase of approximately 25 MW.h/kg D at Pickering
NGS-A and Bruce NGS-A. This i s a result of:

- The moderator heavy-water lsotoplc content has
been upgraded by more than 0.1Z (+13 MH.h/kg U).

- Expanding the four-bundle shift zone and Improved
guidelines for the selection of channels to be
refueled have been implemented* Previously the
priority had been giv^n to channels which had
high burnup fuel In Che discharge positions* Now
we focus on the burnup distribution of bundles
which currently reside in high flux positions in
the channel* These channels are selected to
ensure that fuel will have high burnup when they
are shifted into lower flux positions prior to
discharge (+9 MH.h/kg U).

- The average uranium content per bundle has been
increased by more than 1%. The fuel manufac-
turers achieved this by using existing allowed
fabrication tolerances to maximize UO2 content ant
by increasing the average UO2 pellet density
(+3 MW.h/kg U).

Pickering NGS-B and Bruce NGS-B are not yet operating
with equilibrium cores, so discharge burnups at '.he
end of 1984 were lou. Discharge burnups wil l increase
as these stations reach equilibrium* This Is I l lu s -
trated In Figure 9, which shows the evolution of d is -
charge burnup from Bruce Unit 3 . The dashed curve

BRUCE 3 FIRST CHARGE
(6134 BUNOLES)
EQUILIBRIUM
(4369 BUNDLES]
RECENT
14611 SUNOLESI

BRUCE 3

BRUCE 3

FIGURE 9:
UNIT 3.

200
BURNUP (MW-h/kgU)

EVOLUTION OF DISCHARGE BURNUP, BRUCE NGS-A,

shows the discharge burnup distribution of the first
6 100 bundles discharged. The dotted line gives the
burnup distribution obtained in 1980 with equilibrium
fueling under the old guidelines. The solid line is
the current discharge burnup distribution achieved
under the new fueling guidelines* As fueling matures,
the distributions shift their weight toward higher
burnups.

Occasionally fuel handling system abnormalities
will preclude discharging fuel from a particular
channel for an extended period of time. In this
event, the fuel burnupa increase beyond the nominal
range. About 3 000 bundles have experienced average
burnups in excess of 280 MH.h/kg u with the maximum
value of approximately 630 MH.h/kg U. This maximum
value corresponds to an outer element burnup of 700
MJ.h/kg U (30 000 MU.d/TaU). All these bundles were
discharged within the normal fuel handling groundrules
and no problems were encountered which could be
attributed to high burnup mechanical behaviour.

To expand our detailed knowledge of CANDU fuel
behaviour at high burnup, we have established a fuel
hot cell examination program at CRNL. Initial results
of this program have been presented (3), where a Bruce
NGS-A fuel bundle irradiated to 500 MH.h/kg U was
determined to be in excellent mechanical condition.
The next phase will be to complete shipment and
examinations of fuel bundles with outer elements
experiencing burnups of approximately 700 MW.h/kg U.
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Fuel From Ruptured Pressure Tube, Pickering .VGS-A, G16

On 1983 August 1 a leak of heavy water was detected
at Pickering JJGS-A, Unit 2. The reactor was cooled
and depressurlzed in the normal manner. The leak was
identified as resulting from a pressure tube rupture
in channel G-16. The channel was defueled and
irradiated fuel bay inspections determined that a fuel
element was missing from both the position 10 and 11
bundles. Subsequent investigation revealed that the
two elements were jammed in the pressure tube split,
a3 shown dlagramaelcally in Figure 10. Thesi elements
were later removed using special tooling.

Six bundles and the two separated elements were
shipped to CRNL for detailed hot-cell examinations in
four separate shipments. An inert cover gas was used
to prevent oxidation of the exposed U(>>- Examina-
tion of fuel from the channel showed bundle damage to
be purely mechanical, with the majority resulting from
the defueling sequence. Figures ll(a) and ll(b) show
the typical ductile deformation observed and the
mechanical twinning of the Zircaloy. However, some of
the damage such as the detachment of one element from
both bundle 10 and 11 occurred with the first shock of
the pressure-tube break. Analysis of the physical
markings shows that the elemenCs were drawn into the
pressure tube crack and did not force it open.

Sampling and analysis of internal gases revealed
very low fission gas release (leas than 0.072) which
implies that the bundles did not experience signifi-
cantly increased temperatures before being discharged
into the spent fuel bays. Further confirmation comes
from the lack of thick oxide films on the sheathing,
and no thermal restructuring of the UO2• as shown in
Figures 12(a) and (b). Adequate channel cooling was
thus available at all times. Release and fuel struc-
ture were consistent with the recorded operating
linear powers of less than 30 ktf/m. He concluded that
the fuel had no role in initiating the pressure tube
rupture. This was confirmed by subsequent pressure
tube hot-cell examinations.

Demonstration Irradiations

Two irradiations to demonstrate improved CANLUB
coating are committed at Bruce NGS-A: 1000 Bruce fuel

bundles with a vater-based graphite coating on the
inside of the fuel sheathing have been produced. This
coating shows potential for improved performance and
economics over present alcohol-based CANLUB coatings.
More than 140 bundles have been irradiated as normal
fuel. One hundred and twenty four bundles have been
discharged from high power positions with no indica-
tion of performance problems.

T»o hundred Bruce fuel bundles have been produced
with Siloxane coating on the inside of the fuel
sheathing. Up to the end of 1984, 72 bundles have
been irradiated in-core, then successfully discharged
as normal Intact fuel. The current incentive is to
provide evidence for good siloxane performance at high
burnups for the AECL advanced fuel cycle program.

CONCLUSIONS

Fueling performance has been excellent with 47 000
channel fueling operations successfully completed and
99.9J of the more than 380 000 bundles Irradiated
operating as designed. Fuel performance limits and
fuel defects have had a negligible effect on station
safety, reliability, the environment and cost. The
actual incapability charged to fuel is less than 0.1%
over the station's lifetimes and more recently has
been zero.
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PICKERING NGS-A, CHANNEL G-16.

FLOW DIRECTION
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(b)

FIGURE 11 BUNDLE FROM PICKERING G - 1 6 , ( a ) BXGED AND
WRINKLED REGION NEAR SPACER PAD. ( b ) SHOWS THE aOWED
AND MECHANICALLY WORKED GRAINS IN THE ZIRCALOY AT THE
PAD.

( b )

FIGURE 12 CERAMOGRAPHS OF FUEL FROM ( a ) THE PERIPHER'
AND ( b ) CENTRE OF ELEMENT. NO GRAIN GROWTH HAS
OCCURRED. "CLEAN" APPEARANCE OF ( b ) REFLECTS
FISSION-INDUCED REMOVAL OF SINTERING POROSITY ( 4 ) .
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GENTILLY-2 FUEL PERFORMANCE

R.H. HU, L. CLOUTIER, N. KACICI and D. AUBIN

HYDRO-QUEBEC
Support technique Gentilly-2

Gentilly, Quebec
GOX 1G0

ABSTRACT

Fuel performs well in Gentilly-2, despite schedu-
led departure from base-load operation; the fuel de-
fect rate is low and comparable to other CANDtf reac-
tors. Fuel utilization has been improved by about
14 percent, mainly as a result of upgrading the heavy
water. Our experience to date confirms that CANDU
fuel is reliable, cost-effective and versatile.

INTRODUCTION

By the end of March 1985, Gentilly-2 had reached
452 full power days, with 6200 bundles discharged in
775 channel visits. Despite the cutback placed on nu-
clear generation due to surplus hydro-electricity,
Gentilly-2 achieved a fairly respectable capacity fac-
tor of 61.6Z in 1984. The availability factor was
76.9% - a figure comparable to those of the first u-
nits of multi-unit stations (1).

Gentilly-2 fuel performance has been excellent:
the discharge burnup is increasing, and the defect ra-
te is low; there has never been any loss of production
due to fuel.

This presentation extends the brief discussion on
G2 fuel contained in a paper (2) presented at last
year's CNA annual conference, and corroborates the
successful story on CANDU fuel related earlier in this
session (3).

A unique feature of G2 fuel experience has been Its
exposure to periods of low-power operation in response
to the grid demand. Our preliminary results may be of
interest to those wishing to explore the operational
flexibility of CANDU fuel.

- Fuel management.

- Special studies and development work.

The simplicity of the CANDU fuel design and its
fuel cycle has permitted a utility with only one unit
to take on wide-ranging fuel operations with the di-
rect involvement of just a small staff.

FUEL UTILIZATION

As of March 31, 1985, almost all fuel channels in
G2 had been refuelled once or twice, bringing the co-
re to its equilibrium fuelling state.

Fuel utilization has been steadily improving with
increased discharge burnup. Figure 1 shows the in-
creasing trend for monthly average burnup. For each
full power day, we now require about 15.5 new bundles,
instead of the 18.2 originally estimated. This 1UX
saving has been achieved through:

- Enhancement of moderator and coolant purities
(See Table 1).

- Decrease in excess reactivity.

- Increase of uranium content in core

- Judicious fuelling scheme (4).

However we believe there is still some room for
improvement by pursuing the above strategies still
further. Hence, CANDU fuelling costs, already the
lowest in the world, can be further improved signifi-
cantly through operational measures taken by the
reactor operator.

FUEL OPERATION AT HYDRO-QUEBEC

Following the recent reorganization within Hydro-
Quebec, all nuclear activities have been consolidated
in the Mauricie regional headquarters at Trois-Rivieres,
Fuel operations are under Support Technique G-2, one
of the Region's three nuclear groups.

Hydro-Quebec's fuel operation encompasses all com-
mercial and technical aspects, including:

- Purchase of uranium concentrates for the initial
charge (including depleted uranium) and the re-
placement fuel.

- Purchase of conversion and fabrication services,

- Quality assurance.

- Design review and modifications.

- Performance review.

rABLE 1:

Date

Before

84,

85,

85.

85.

84.09

.09

.01

02

,03

*

RESULTS (3F THE HEAVY
PURIFICATION PROGRAM

Moderator*

99

99,

99.

99.

99.

in T. mass

.76

.88

.94,

954

WATER
AT GENTILLV

Coolant*

98.90

98.90

99.00
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FIGURE 1: EVOLUTION OF MONTHLY AVERAGE
DISCHARGE BURNUP

LOW POWER OPERATION

Because of surplus electricity in Quebec, it was
recognized early on that G2 would not be required to
operate at its full capacity for the first few years.
In a typical year, G2 operation was foreseen to be at
100% power for one month in the winter and half a
month in the summer, followed by 50Z power for the
two remaining periods (except for 1 1/2 months allot-
ted for annual shutdown). However, the actual demand
for G2 contribution has been higher than originally
anticipated. Cutbacks Co 50Z full power only occurred
in the summer of 1984. Current plans call for G2 to
be on line with a 68Z capacity factor for 1986 and
80Z in the following years. The G2 station performan-
ce in 1984-85 is shown in Figure 2.

FIGURE 2: GENT ILLY STATION PERFORMANCE
(1984-01 to 198S-03)

Due to lack of CANDU experience in non baseload
operation, some concern was expressed initially that
sustained low-power operation might lead to fuel fai-
lures when the reactor subsequently r?turned to full-
power. Failures might result from:

- The more severe power ramps than in sustained
full power operation.

- Deterioration of hidden manufacturing flows.

To evaluate the implications, our consultant (AECL)
made a general prediction of fuel defects in this non-
baaeload mode. Later, in response to specific regu-
latory inquiries, we made a further assessment (5).
Although these studies were extremely conservative
in their aitumpcions, they both predicted that the

number of fuel defects due to the proposed low-power
operation would be very small. Furthermore, if the
excellent performance of Bruce fuel (6) (no power
ramp defects) in early 1983 were taken into account,
no fuel bundles would have been predicted to fail.
Figure 3 depicts the pessimistic scenario of fuel per-
formance in a "typical" year of low-power operation.
Predictions are shown for power ramp type failures
only; defects occasioned by manufacturing flaws or de-
bris occur more randomly and the incremental defect
rate from this cause, due to low-power operation,
could not be estimated.

FIGURE 3: ESTIMATE OF POSSIBLE FUEL DEFECT IN
A TYPICAL YEAR OF G-2 LOW-POWER OPERATION

As stated earlier, actual G2 operatic- did not fol-
low the initial forecast pattern of two long, low-
power periods interposed by two short, full-power
spells. Instead, there were only two short low power
periods in the summer totalling about three months.
Therefore, the fuel did not stay at low power long
enough to run significant power ramp risks. There
were some fuel defects, but they were caused by possi-
ble material fault or debris and were not directly re-
lated to the G2 operation mode.

FUEL DEFECT RATE

By the end of March 1985, we had prematurely dis-
charged fuel from 14 channels due to high activity
levels in the coolant. Visual inspection in the fuel
bay later confirmed that eleven bundles had defects.
Figure 4 shows the eleven channels from which the de-
fective bundles were discharged.

Since a total of 10778 bundles were irradiated
(4560 still in core), these eleven bundles represent
a defect rate of 0.1Z which is comparable to that of
other CANDU reactors operating in a base-load mode.
This clearly indicates that Che low-power operation
of Geneilly-2 had very little, if any, effect on fuel
performance.
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TABLE 2: POWER RAMP DATA FOR OUTER ELEMENTS OF
DEFECTIVE BUNDLES

FIGURE 4: CHANNELS FROM WHICH THE ELEVEN DEFECTIVE
BUNDLES MERE DISCHARGED

DEFECT CAUSES

Of the eleven confirmed defects, four occurred be-
fore low-power operation started in July 1984. Two
of the four bundles concerned, plus two others that
defected later, were never shifted in the reactor
before their premature removal.

Power ramp data for the remaining seven bundles
that had been shifted in refuelling have been exami-
ned, together with their fabrication data and post-
irradiation inspection results. It is evident from
Table 2 chat the power ramps were not severe enough
to cause any defect according to the established
CANLUB fuel defect threshold. On the one hand, the
level of ramped power Gentilly-2 fuel experienced was
generally low (well below the asymptotic ramp power
threshold of about 47 W/m); on the other hand, the
fuel burnups at the tine of ramping were below the
"critical burnup" (about 50 MWh/kgU). Moreover, re-
cent Chalk River power ramp data (8) indicate that
current production fuel can withstand higher power
boost and at a higher critical burnup (about
80 MUh/kgU) than those suggested by Che original
CANLUB defect chreshold data. Thus, based on CANDU
fuel experience, it was not expected that these seven
bundles could have qualified for power ramp failure.

Bundle*

FS169

FS1S6

PS147

PS129

BI182

FH361

FS149

Channel?

B-08

1-06

K-18

S-07

F-13

D-17

U-U

Eleaenc Bu

iS.

50

62

39

30

35

36

48

rnup MWb/kRi/

raap

(105)*

(78)

(63)

(94)

(85)

(74)

(220)

Element
Before

L3

12

11

9

18

6

11

Power kW/o
dfcer

36

36

39

36

12

29

40

Hoc*: The critical burnup *nd r**p pow«r, according to
existing defect crittclft. are about SO HWh/kgU
tad 47 JcW/«, respectively. Recent results suggest
higher threshold values.
* Figures In perettieaes indicate final discharge burnup

Inspection of Che defective fuel bundles has shed
some light on the causes of defect as follows:

DATE DISCHARGED

83.

84.

,12,

01 ,

.02

.06

BUNDLE

MR145

LR067

Debris
outer

Failed

OBSERVATIONS

lodged between 2
elements

a t end cap weld

FS169

an inner element (#34);
also, possibly fretting
damage

Failed at end cap weld *
of an inner element (#25)

84.03.26

34.04.21

84.07.15

84.07.18

84.08.28

84.11.01

84.01.10

85.02.26

85.03.05

* Sheath* all traceable to a particular suspect
tube lot

o AU powder

It is noted five of the defective bundles have a
defect in an inner element, while the outer elements
remain intact. This supports our earlier statement
that power ramping did not appear to be the cause of
the defects.

Another interesting point is chat five of tha de-
fective bundles have one pcreicular tub* lot in common
for their sheath*. In on* defective bundl* FS147, on-
ly six out*r elements contained tub** from the lot In

FS186

JN168

JN178

FS147

FS129

HN182

FN361

FS149

Possible
El. #26
Possible

Possible
El. #27

Rupture:

EI. n

El. #9

failure: *

failure: El.#21

failure: o

El. #8,11,14 *

*

o

El. #13, possible
fflech. damage

Tiny dark
bling pin

spots resem- *
holes



6.10

question; three of the six have failed.

It thus appears thac the G2 fuel failures to date
are primarily Isolated manufacturing flaws, and there
has been no failure that can be directly attributable
to low-power operation. The explanation lies In:

- Fuel rating in 600 MW reactors is low
(- SO kW/m, max.) relative to that of the Bruce
fuel (= 60 kW/m).

- Periods of low-power operation were shorter than
originally planned.

Finally, while no fuel defects can be directly at-
tributed to power ramps, it cannoc be excluded that
any of the original manufacturing flaws in the bundles
in question opened up or otherwise deteriorated when
passing through the high power region during refuel-
ling.

" " ' , ' # 11IJII

FIGURE 5 : TREND OF DELAYED NEUTRON DATA FOR TWO FUEL
CHANNELS WITH DEFECTIVE BUNDLE

FUEL DEFECT DETECTION AMD REMOVAL

To ensure early detection and timely removal of
defective fuel, a close surveillance of HTS loops and
channel activities has been maintained on a continuous
basis. Included are the Gaseous Fisaion Product (GFP)
monitor, the Delayed Neutron (DN) system, as well as
chemistry laboratory analysis of fission and activa-
tion products In the coolant. A complete DM scan is
done weekly to identify suspected fuel channels.

The detection systems have worked well, except for
about 20 channels which give consistently lew signals.
Fuel channels containing defective bundles were detec-
ted and refuelled in time. The majority of the defec-
tive bundles were actually identified by DN during
discharging. The activity in one of the two HTS loops
remains very low; the other loop has been slightly af-
fected by perhaps residual uranium from defective fuel.
Overall, the limited number of fuel defects hes not
posed any operating problems.

Our records also Indicate that the discrimination
racio (DR), a defece index for Individual channels,
dropped when:

- A defective bundle was removed.

- Contaminated bundles downstream of the defective
bundle were removed.

- The power of a suspect: bundle decreased due to
refuelling.

Figure 5 shows the evolution of the DR for two
channels before and after refuelling.

Return to full power operation after the discharge
of defect did not result in an increased DR. Residual
contamination in the channel has however, on several
occasions kept the DB value high. Our experience in
this regard is consistent with that of other 600 MW
reactor (9) operators.

On two occasions, two new depleted bundles were in-
serted as precaution to avoid hotspots after defected
bundles were discharged.

FUEL DEVELOPMENT

Over the past five years, Hydro Quebec has partici-
pated In a joint fuel development program with AECL
and Ontario-Hydro. The main objective is to improve
fuel design for increased operating margin and better
economy. Achievements to date (S) include a thin-
wall fuel design, modified bearing pads, and fuel code
improvement. In the last two years, great emphasis
has been placed on CHF experiments to improve opera-
ting margin (10).

In-house, we have undertaken various studies rela-
ted to fuel cycle cost and design comparisons.

DISCUSSION

In a year of G-2 operation in response to the grid
demand, fuel performance has been excellent. As ex-
pected, only a small number of fuel bundles have beco-
me defective. The defects were however, associated
with either a specific material lot (accountable for
five defects), or other causes (such as debris) not
directly related to low-power operation. Also, the
defect rate is comparable to those from other CANDU
reactors operating in normal biseload mode.

Th« question could be asked as to what would have
happened had G-2 operated for longer periods at low
pow«r in the past y«ar. W« beleive the number of de-
fects would have been about the same, for the follo-
wing reasons:

- We have conservatively used the fuel overpower
envelope in our analysis. The majority of bun-
dles in core normally operate within the referen-
ce design power envelope (i.e. 12.SZ below the
overpower).



The defect criteria used in our analysis were
based on early CANLUB fuel results, when the
graphite coating was thinner. Recent defect
results suggest that current production fuel
can tolerate more severe power ramps than the
fuel of the early 70's. In fact, the reference
overpower envelope for CANDU 600vs is now below
the proposed new defect threshold.

If necessary, to ensure continued good perfor-
mance, more advantage may be taken of the inhe-
rent flexibility of CANDU fuelling, such as re-
placing only two suspect bundles, fuelling the
channel before the low-rated bundles reach a
critical burnup, use of depleted fuel to avoid
power peaking etc.

(7) HARDY, D.G., WOOD, J.C, and BAIN, A.S., "CANDU
Fuel Performance and Development", AECL-6213,
1978 December.

(8) OLDAKER, I.E., and SEJNOHA, R., "Fuel Develop-
ment in CANDEV - Recent Achievements", Paper
presented at this CNS conference.

(9) MANZER, A.M., "Defective Fuel Detection in
CANDU-600's" paper presented at this CSS confe-
rence.

(10) FORREST, C.F., and FORTMAN, R.A., "A Facility
for Determinating the Heat Transfer Characteris-
tics of Present and Novel CANDU Fuels", paper
presented at this CNS conference.

CONCLUSIONS

Fuel performs well in Gentilly-2 despite scheduled
departure from base-load operation. Fuel utilization
has been improved by 14 percent, mainly through up-
grading the heavy water moderator and coolant. The
fuel defect rate {0.12) In G2 is comparable to other
CANDU reactors. Defect causes have been traced to
a particular questionable lot of material and to such
incidents as debris and fretting.

The failed fuel decection systems, combined with
the on-power fuelling, hss permitted timely removal
of defective fuel bundles, so that the heat transport
loops are kept relatively clean.

As most fuel bundles involving the questionable
material *»ve already been discharged and the isolated
problems ^ebris are left behind, we are confident
that G2 fuel will continue to perform well in any
practical mode of reactor operation. Our experience
to date confirms Chat CANDD fuel is:

. Reliable

. Cost-effective

. Versatile
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DEFECTIVE FUEL DETECTION IN CANDU 6 0 0 a

A.M. Manzer
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ABSTRACT

Fuel failures in CANDU 600a are detected and
located by two independent on-power system*: the
Gaseous Fission Product monitoring and Delayed
Neutron Systems. Tile data generated by these
systems can also be analyzed to:

- estimate the numbef ot defective elements from
Xe-133 act ivity concentrations,

- assess the defect condition from Xe-133/Kr-88
activity ratios,

- determine when fu«l defects deteriorate and
release uranium from delayed neutron signals/
and

- evaluate in-core uranium levels from average
delayed neutron signals .

Criteria presented in this paper, for deciding
when to remove f u e l f a i l u r e , have been
substantiated with operational data from Point
Lepreau NGS.

INTRODUCTION

CANDU Pressurized Heavy Hater Reactors are
refuelled on-power with natural UO2 fuel clad in
collapsible Zircaloy-4 sheathing. Fuel performance
has been excellent and the defect rate has been
oeLow Q.t* of, th» tw*X bmidLsa charged, (tl. tilth
failed fuel detection system*, defective fuel can
be located and removed using normal on-powar
refuelling with the r»actor at full power. This
permits the number of defective fuel bundles in
core to be minimized in order to maintain a clean
heat transport system. This enables reduction of
occupational exposure to a low level, and
contributes to high capacity factor of CANDU
reactors.

Two failed fuel detection systems, which operate
independently, are provided as standard equipment
on each reactor unit: the Gaseous Fission Product
(GFP) monitor and the Delayed Neutron (ON) system.
This paper describes the two systems and
demonstrates how the data provided by them are
interpreted to determine:

- the number of defective elements in the core,
- the condition of the defects while at power,
- when defects begin to deteriorate and release

uranium to the coolant, and
- the tramp uranium levels and distribution within

the core.

The tramp uranium represents the amount that is not
contained within th« fuel and is free to
recirculate and depoais within the heat transport
system.

Figure 1 CANDU-600 Heat Transport System
(HTS) The reactor is cooled by two identical loops,
each with 190 fuel channels

DESCRIPTION OF GASEOUS FISSION PRODUCT (GFP)
MONITOR

The GFP monitor i s a computer c o n t r o l l e d , high
r e s o l u t i o n gamma ray spectrometer . I t i s designed
t o operate cont inuous ly , repeated ly measuring the
gamut, ray act ivity of certain gaseous f ission
products , Xe-133, Kr-88 and Xe-135, and of
iodine-131, present in continuous 3ample flowB from
each of the two heat transport system (HTS) loops
(Figure 1). The two sample l ines , one from each
HTS loop, carry the coolant from the HTS pump
discharge to the 3fjple holders. The sample
transit time i s designed (so to* about 13 minutes to
ensure sufficient time to remove unwanted F-17 by
radioactive decay. A switch, located in the
control room, i s connected to air controlled valve3
that select the origin of the coolant in the sample
tubas. Either loop 1, loop 2 or both loops
together (without mixing), can be monitored. This
enables the operator to determine which loop
contain* a defective fuel Bundle.

The noble gas Xe-133 (81 JceV)* i s a iong-Mved
fiss ion product which has a high release rate from
defective fuel. Its concentration when compared to
that of a short-lived fia«i°n gas, such as Kr-8a
(191 keV)*, providea some indication about the
source, the extent of fuel sheath damage and the
buildup of tramp uranium in the core.

Noble gaa Xe-135 (250 keV)*, provides some
information about the iodine releaae rates when
high BurificAtion. n t a * are removiru} eiasion.
products. This i s due to the radioactive decay of
I-13S to Xa-135 in the ion-exchange system. Since
the noble gaaes are not r e t a i n e d by the
ion-exchange system, the 1-135 in the ion exchange
3ystem becomes a secondary source of Xa-135.

* Dominant gamma decay energy
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Radioiodine-131 (364 keV) is monitored due to
its biological hazard. Since its concentration is
suppressed by the ion-exchange system, it is not a
reliable indicator for assessing fuel damage.

GFP DATA INTERPRETATION

The specific radioactivities for Xa-133 and
Kr-88, measured in MBq per kilogram of coolant, are
analyzed to determine the source of fission product
release in the core. Three sources are defined.

1) A fast releaae defect - the release mechanism is
primarily controlled by the diffusion process
(4) of the gases through the fuel matrix with
very little restriction due to the size of the
defect.

2) A slow release defect - the release of the
fission gases is restricted by a small defect
hole size. A large fraction of the short-lived
fission products are lost by decay during the
delay between birth by fission and release to
the coolant.

3) Tramp uranium - the fission gases are released
promptly at birth by the recoil process
( 4 ) . There i3 very lxttle, if any, gas
retention within the small amounts of tramp
uranium distributed on the HTS surfaces within
the core.

Table t summarizes the release characteristics for
the 3ource types during steady 3tate and transient
conditions. The following sub-sections give the
basis for the numerical values and the application
to CANDU 600 conditions.

TBH£ 1

isiSE at
TOR THREE SOUHCB TOPES

Steady state Condition

Xa-133 Fractional
Ffelaoa* (F)

aomspcnding Xe-133
Release Bate (R) in
a&cra/s

Fractional Belaaae
Dependence* on
Natural Decay IX)

TX&P*i«l& Cfc»KH+.iMH

Burst Rtleue
Fracticn for Xe-133

SUM
FELEBSE
IWHIT

0 . 0 5 - 0.10

2 x 1012 tx>
4 x 10 1 2 at
40 MM

b =• 1.0

0.05

EAST
BHEftSE
LQUJT

0.10 - 0.20

4 x 10 l a tXJ
8 x 10 l 2at
40 Wi/ta

b-0.5

0.05

TRMS
UWWU1

1.00

S x 10 1 0

per grant!

b - 0.0

0.0

Estimating the Number of Defective
Elements and Tramp Uranium Levels
From Steady State Release GFP Data

The mass balance equations governing the
radio-isotope inventories within the fuel elements
and heat transport system can be used to derive an
expression for the number of defective fuel
elements (n) in the core. Curing steady 3tate
conditions when the activity concentrations are at
equilibrium and the reactor power and HTS pressure
and temperature are constant, the relationship
becomes:

The system decay constant (\*), expressed as the
inverse of seconds, is the sum of all losses due to
natural radioactive decay U> and to removal by
purification systems and coolant leakage. For the
noble gases Xe-133 and Kr-88, the radioactive decay
term dominates and the other losses can be
neglected. The number of i3otope atoms (Q) in the
coolant can he determined directly from the
measured coolant activity. The release rate (R),
in atoms per second, from one defective element can
be estimated from experimental irradiations of
typical power reactor defects, or from operational
experience.

Generally, the release rate for one defective
element is expressed as:

R - (P) fY.

The source term (fY,) i s the product of the decay
chain yield (Y), i n atoms per f iss ion, ancj the
f iss ion rate fos the fuel element ( f ) , in f issions
per second, which i3 power dependent. The (F) term
i s the fractional releaae, or release-to-birth rate
rat io , commonly used in the l i terature.

In experimental irradiations at Chalk River
Uuclear Laboratories (CRNL), the f rac t iona l
release for Xe-133 varied from 2 to 5% for a
dri l led hole defect in a fuel element operating at
48 ftW/ra(2). In another CRNL test at 55 kw/m, i t
varied from about 5 to 17% for fuel elements having
either dril led holes or a machined s l i t (3).

In Ref. 11, the fractional release for Xe-133
was arbitrarily set at 5 to 10% for a slow release
defect, at 10 to 20% for a fast release defect, and
at 100% for tramp uranium in the core as given in
Table 1. Osi:ig these F values, one defective
element in the CANDU 600 core, operating at
40 kW/m, wi l l account for the following Xe-133
activity concentrations:

- 17-34 MBq/kg for a slow release defect, and
- 34-68 MBqAg for a fast release defect.

Also, tramp uranium distributed uniformly in the
core and irradiated at the average neutron flux
level , will y ie ld:

- 0.8 MBq/kg per one gram of uranium.

•Fa v\
These predictions are based on a HTS heavy water

inventory of 122 Mg and an energy y i e l d
200 MeV/fission. o f
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Estimating the Number of Defective
Elements From Transient Release GFP Data

Fission gases can escape in a short-lived burst
from a defective element in two different transient
conditions. From the transient release
characteristics it is possible to estimate the
number of defective elements. The first condition
arises as a result of a sudden change in HTS
pressure or temperature, or in operating power. A
simplified mechanism for fisaion gas release
associated with a power increase is as follows:
the water present within the defective element
flashes, expelling steam and fission products to
the coolant. The release of fission gases for a
power reduction, is thought to be related to the

thermal cracking of the 00, pellet. The cracks
allow gases to escape from the fuel matrix and
eventually through the defect hole. The second
type of burst occurs due to tiv- nature of the
defect rather than loop conditions. This happens
when a portion of the free fission gas inventory is
released to the coolant in one burst at the time of
failure. In both situations the short burst of
activity is assumed to be governed by the 3ame
fission gas release characteristics.

During the burst, the release rate far exceeds
the normal loss rate terms in the mass balance
equations and the losses can therefore be
neglected. From the mass balance aquations, an
expression can be derived for the number of
defective elements in the core:

The change in isotope gas inventory within the
coolant (AQ) is determined directly from the
increase in the activity concentration. The Ft
term is defined as the transient or burst release
fraction. It is equal to the fraction of the total
isotope inventory within the defective element
released during the burst.

In Ref. 11, the burst release fraction for
Xe-133 was set at 5% for a defective element
operating at 40 kW/m in a CANDU 600. The
corresponding Xe-133 activity concentration is
about 20 hBq/kg. This quantity is used for
estimating tha number of defects in the core.

Assessing the Defect Type From
GFP Concentration Ratios

The dependence of fractional release IF) on the
inverse of \° is a well established technique for
assesaing the source of the coolant activity
(5,6). For tramp uranium within the core, all
fission gases are released promptly at birth,
causing F to be independent of the decay constant.
The exponent b is equal to zero. For defective
fuel elements, the fission gas release is primarily
governed by the diffusion process for fast release
defects, or by the hole size for slow release
defects. In both cases, there is a delay between
birth by fission and release through the hole. The
portion of inventory available for release to the
coolant depends on this time delay and on the decay
half-life of the noble gas. Therefore, the
fraction of the inventory released from the fuel is
higher for the longer lived gases and the
exponent b is positive. For data interpretation
purposes, a value of 0.5 is assigned to b for a
fast release defect and 1.0 for a slow release
defect.

These relationships can be useful for comparing
the concentrations of long-lived Xe-133 (5.3 day
half-life) with short-lived Kr-^S (2.3 hour
half-life).

Assuming negligible losses at equilibrium other
than those due to natural decay, the activity
concentration ratio for Xe-133 to Kr-88 can be
expressed in terms of the chain yields, decay
constants and exponent b:

[xe-133]
[Kr-88 ]

Y x e

e

» 2 - 3 for tramp uranium
» 12 - 20 for a fast release

defect
» 80 - 130 for a slow release

defect

The upper end of each range reflects the
adjustment on the chain yields due to plutonium
buildup at high burnup.

The Xe-133 to Kr-88 activity concentration ratio
can be a useful technique for assessing the defect
type, but only for certain operating conditions.
Firstly, the activity concentrations must be at
equilibrium. Equilibrium is approached when the
fission gas within the fuel defect builds up to its
equilibrium inventory at steady power. This is
normally achieved when the fuel defect operates at
steady power without further degradation for about
three decay half-lives of Xe-133, or about two to
three weeks of steady operation. Secondly, the
presence of tramp uranium in the core provides a
source of fission gas that desensitizes the ratio
technique as shown in Figure 2. Defect types can
be distinguished only when the loop contains small
amounts of tramp uranium, about 3 grams within the
core boundaries. Consequently, the ratio technique
should only be used under specific conditions.
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Figure 2 Graphs showing the effects of Tramp
Uranium on:
a) the equilibrium activity concentrations of Xe-133
and Kr-88, and
b) Xe-133 to Kr-88 concentration ratio for a slow
and a fast release defect

DESCRIPTION OF DELAYED NEUTRON <DN) SYSTEM

The ON system has two basic functions-. to
locate the fuel channel containing the defective
fuel, and to locate the position of the defect
within the fuel column (11) • The data generated
can also be analyzed to determine when defective
fuel deteriorates and releases uranium to the
coolant. Sampling lines from each of the 380 fuel
channels carry coolant to the sample coil arrays in
two water-filled moderator tanks, one in each
scanning toon. Six BF3~filled neutron detectors in
aach room are positioned by their carriage and
lowered into the sample-coil dry wells. The data
are collected during the preset counting time and
analyzed by an on-line computer. The detectors are
raised and repositioned in sequence until a l l
channels have been scanned. Computer-controlled or
manual operation is done from a separate room in
the reactor building (7). One complete ON scan
requires only a few hours and is normally done once
every one to three weeks.

The design of the sampling lines incorporates a
de l iberate 50 second delay to e l iminate
interference from unwanted activation products.
These are the photoneutron producing nitrogan-16
(7 second ha l f - l i f e ) and neutron emitting
nitrogen-17 (4 second half- l ife) . Tbj.3 leaves a
high relative concentration of neutron-emitting
f iss ion products: iodine-137 (22.3 second
half-life) and bronine-87 (55 second half- l i fe) .
Background gamma radiation counts are rejected by
electronic discrimination.

The parameters measured by the DN system are: A
and 8, the average ON signal count rates of the
channels in each of the two loop-halves, designated
as loop-half A and B, and s, the DN 3ignal count
rates for a single channel. In practice, s is
normalized to the loop-half averaga and is
expressed as the discrimination ratio (DR) for a
fuel channel:

DR » S/5, or S/5

A channel containing defective fuel can be
located by monitoring the historical trend of the
discrimination ratio. Experience has shown Chat
the channel usually contains a defect if its signal
rises above the loop-half average plus three
standard deviations, or if its DR exceeds 1.3 or
1.3 tines its historical OR value. These are some
of the main criteria that are being used to locate
fuel channels with defective fuel (3,9).

Special single channel DN monitoring is done to
locate the position of the defective fuel bundle
within a suspect channel during refuelling at
power. During refuelling, new fuel is inserted
into the flow inlet end of the fuel channel by one
fuelling machine. Through a series of moves, old
fuel is removed at the flow outlet end by the
second fuelling machine. By watching the changing
DN signal as a fuel defect moves through the core,
its position can be accurately determined as
discussed in Raf. 10.
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DN DATA INTERPRETATION

Taking advantage of the HTS loop configuration
which divides it into two Loop-halves, the measured
parameters can be expressed in terras of the
activity reduction factor (r), and the signal
components due to tramp uranium and due to the
fission products releases from defective fuel
(10). The activity reduction factor is the portion
of delayed neutron activity remaining after decay,
during the time required for the fission products
to travel from one loop half to the other.

The effective ha l f - l i f e of the DN activity (In2/e)
varies primarily with die natural half - l ives of
1-137 and Br-87. The recirculation time (T) for
the CAMDU 600 i s estimated at 22 seconds.
Therefore, r varies between the extremes of 0.71
for 1-137 and 0.87 for Br-87 depending on their
relative concentrations.

TABU! 2

SXBCE CF UfflNUM RELEASE DETEEMINED
ETCH UXP-BAIF AVERH3E CN SD3JRLS

aSSBEOS

1

2

3

OBSERVE) HISTORICAL TREND

a/b

increasing

decreasing

increasing
or decreasing

c

increasing

increasing

decreasing

SCENARIO

fuel dafect in loop-
half "B" is releasing
ucanius

fuel defect in loop-
half "A" is releasing

no utaniun release
ficonfuel defects,
araop ucanum is
relocating within HES

Ref. 10 shows how the DN s igna l s can be
represented by decreasing geometric ser ies . Each
term in the series represents the portion of signal
due to the act iv i ty from 1-137 and ar-87 on a given
pass through the core. By summing the ser ies ,
simple expressions can be derived for these
measured parameters for the conditions as described
in Ref. 11.

The derivations in Refs. 10 and 11 can be used
to determine the total amount of tramp uranium (c)
in the core for one loop, and the ratio of tramp
uranium between two loop-halves of the same loops
(a/b) . These terms are expressed in terms of the
loop half average signals (A and B).

c - (A + B)/60

a/b - <A-rI)/{B-rA)

Terms a and b are the average contributions to
the signal from fission products on their first
core pass from loop-half A and B, respectively.
Provided no fuel failures are present, these terms
are also proportional to the traup uranium levels
in their respective loop-halves. The units of "c"
are normalized to 100% reactor power and to unity
for a new core. CAMDU 600 reactor experience
indicates that a new core without fual failures
yields an average count rate of about 30 counts per
second. The uranium in a new core comas from the
small amounts daposited on fuel bundle surfaces
during fabrication. This amount is estimated at
less than on* grzim £or the entire core.

These expressions provide a technique for
determining the source of tha uranium ralaaae. For
example, if a dafact in loop-half A begins to
release uranium, than a/b will decrease due to tha
deposition of uranium downstream of the dafact in
loop-half B. Tha term "o" will also increase due
to tha uranium deposition in the core. Table 2
shows other possible scenarios.

HO URANHfM RELEASE BUT INCREASING HOLE SIZE
FOR DIFFERENT TRAMP URANHJH LEVELS

URANIUM
RELEASE FOR OETCCTS
WITH DIFFERENT
HOLE SIZES

LOOMULF AVERAGE DH SttHAL COUNT RATE [COUNTS/.!

Figure 3 Predicted discrimination ratio behaviour
for a defective fuel element deteriorating by:
a) increasing defect hole size, or
b) uranium release

Assessing the Condition of tha Fual Failure

Figure 3, reproduced from Ref. 11 shows the DR
and loop-half averaga signal behaviour for a
defective element in loop-half A, dateriorating
under one of two hypothetical conditions:

1) no uranium release, but increasing dafact hole
siza, and

2) uranium release, but stable hole s iza .

By predicting tha DR behaviour of suspact
channels for thase two casas, tha dominating type
of datariorat ion of defec t ive fuel can ba
determined from tha DH data trends.
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The first set of curves on Figure 3 represents
the signal behaviour foe a fuel defect that has no
uranium release but h£S a defect hole that is
increasing. The DR increases because the defect
hole size is increasing, allowing fission products
to escape as. a, highat: ca-ta. The. loop-half, average
DH 3ignals will also increase, but at a ouch slower
rate due to the dilution and mixing effects in the
loop and due to the activity decay during
recirculation (11). The starting point for each
curve is at DR - 1 at the time of failure. The
corresponding starting value for A reflects the
tramp uranium level in the loop.

The second set of cvufves on Figure 3 represents
a fuel defect that has uranium release but has a
stable defect hole size. at steady loop
conditions, the hole size sets the fission product
release rate, and S-A will be constant, as shown by
each curve* However, tlie loop-half average signal
will increase as the traiop uranium builds up in the
core.

In practice, both types of deterioration are
likely present simultaneously in defective fuel.
However, by plotting tt>e DN data trends in the
manner suggested by Figure 3, it is possible to
determine when one type dominates over the other.

It should also be noted that a certain portion
of the uranium, released from a defective element
nay deposit immediately downstream within the core
boundaries of the 3uspect channel. If this
happens, the tramp uranium will act as a secondary
source of fission products In that channel and it
would not be possible to determine whether the
increasing DR is due to tramp uranium buildup in
the channel or due to increasing defect hole size.

POINT LEPREAU EXPERIENCE

Fuel Defect Summary

The first CANDO 600 reactor to go critical was
Point Lepreau in July 1982. It was declared
in-service in February 1983, and refuelling started
in March. In 19S3, four defective fuel bundles
were discharged from four fuel channels as
discussed in Ref. 10. in 1984 on* fual bundle was
visually confirmed as having failed (11). In the
first half of 1985, one more defective fuel bundle
was discharged. These six fuel defects are
summarized in Table 3. The operating histories of
the first five are described in Refs. 10 and 11.
The sixth is described below.

Channel S12 was refuelled on December 10, 1984
with a normal eight bundle ihift. Several days
later, its OR began to increase, coinciding with
the increase in the Xe-133 activity concentration
(Dec. 31). Since none of the new bundles had
sufficient fission gas inventory to contribute to
the xe-133 transient release, the defect was
believed to be in one of tha four downstream
bundle*.

During refuelling on February 4, 1985, the
single channel DO scan indicated bundle 9 or 10 was
defective. Inspection* done in the fuel bay
confirmed that bundle 10 contained one defective
fuel element, shown in figure '4. Fuel management
data indicated the defective' element had operated
at 32 kW/m since the time of failure.

Prior to the S12 fuel failure, the Xe-133 and
Kr-88 activity concentrations were at equilibrium;
about 2 and 0.6 MBq/Jcg, respectively. The Xe-133
to Kr-88 ratio was equal to about 3, indicating the
main source of activity was due to tramp uranium in
the core. Approximately 2 to 3 grams or tramp
uranium were believed to Be located in the core
{Figure 2 ) . Since the corresponding loop average
DN signal, at the time, ranged from about 250 to
300 counts per second, th£ uranium contamination
level was estimated at 8 to 10 times that of a new
core. Combining both GFP and DN data, the
contamination due to fabrication on new fuel is
estimated at 6 x 10-9 to 10^® grams of uranium/cm^*
This range is well below the new fuel
specification; about a factor of 2 to 3 lower.

OSCTRG) FUEL I rarfTTS
KT parar LBPICSUJ cro MUCH i9es>

HJHX£ rcsmcN

316 - 2

G11 - S

BD9 - 3

R15 - 7

1 2 2 - 1 0

S12 - 10

lUG&RCT CEB33VE
ELMNIS MB

pBSXMDfflMT ICCRJICN

CF sEBomtt DW»GE

2-3 - upstream aid

1 - upstream «>3

1 - upstream end

1 - wrf^TI*

1 - downstream end

1 - upstream end

aaeir
UNEKR
PCtER
(Ml/m)

3

24

38

42

17

32

DISCHARGE DJVXE

33.4.19

33.4.24

33.4.25

33.6.15

34.6.22

35.2.4

Figure 4 Defective fuel element for bundle 10 in
channel S12 at Point Lapreau NGS showing
secondary hydride damage (Indicated by arrow) on
an end cap at the upstream end of the bundle
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Figure 5 Steady state Xa-133 activity con-
centrations for fuel defects at Point Lepreau NGS

POINT
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Figure 6 Transient Xe-133 activity releases from
fuel defects at Point Lepreau NGS

X«-133 Activity Releases Detected by GET System

In Figure 5, the steady-state Xe-133 activity
concentrations are plotted against the linear
pow»rs of tbs da£activa •l«m«nt». Th« criteria for
identifying dafact types, included in this figure,
suggest that the fuel defects in 216, G11 and R09
were likely fast release defects, and the ones in
L22 and S12 were slow release defects.

In Figure 6, the increases in Xa-133 activity
concentration due to a transiant release are
plotted against the linear powers of the defective
fuel elements. Host of these transients occurred
while refuelling a channel containing a fuel
defect. As shown, most of the burst release
fractions were leas than 10% of the total Xa-133
Inventory within the corresponding defective
element. The burst release fraction is more
dependent on bundle position ti- i on linear power.
This observation supports the fission product
r«" •««• mechanism associated with water flashii to
steam. A defective element near the channel in* t
will contain more water, due to the coolant and
saturation temperature profile a ong the channel,
than fuel defects further downstream. As the fuel
defect slides downstream during refuelling/ the
water flashes, expelling steam and fission products
into the HTS. The amount of fission products
released will likely depund on the amount o£ water
inside the fuel element.
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Figure 7 In-Core uranium contamination level for
loop 1 and 2 — Point Lepreau

Tramp Uranium R«l«a»« as Mt»cttd by OK System

Figure 7 shows the total amount of tramp
uranium (c), in tha core for each loop, plotted
against reactor energy. The term "c", normalized
to one for a new core, is also proportional to the
loop average delayed neutron signal, normalized to
100* reactor power. The duration each confirmed
fuel defect reaided in the core is also indicated
on the figure. The dramatic increase in the tramp
uranium level, shortly after the initial startup
was likely due to the fuel defects in Q16, G11 and
R09. For channels L22 and S12, there was no
noticable change in the average signals. Indicating
vary little, if any, uranium release from the
defects.

It is interesting to note, the average ON
signals increased slightly following long
shutdowns. Thi* nay be due to some chemical/
temperature effect on uranium adsorption on HTS
surfaces. Also, the marked Increase in the average
signal for loop 1 during the period from 200 to
300 FPD may have been due to the release of uranium
from some other fuel defect that was not visually
confirmed. During this period, transient releases
of Xe-133 activity were also detected by the OFP
system.

Figure 8 Ratio of In-Core uranium contamination
between loop halvea for loop 1 and 2 —
Point Lepreau

Figure 8 shows the ratio of in-core uranium
contamination (a/b) between loop-halves for loop 1
and 2. The ratio "a/b" i s a function of the
loop-half average OH signals, as described earl ier.
The ratio increased significantly while the fuel
defects were located in loop-half "S" of loop 1
(Q16) and in loop-half "B" Of loop 2 (G11 and S12).
This increase was due to the uranium release from
tha defects. Deposition in the core, f i r s t
occurred downstream in loop-half ft of both loops.
After these defects were removed, the ra t io
decreased towards unity indicating the uranium
distribution was becoming m?re uniform. This ratio
was not affected by the presence of a fuel defect
in L22 and 312, providing additional evidence that
these defects did not release uranium.
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Figure 9 Thresholds for Uranium release for
single and multiple fuel element failures

Figure 9 is reproduced from Figure 3 showing
uranium release threshold* derived from Point
Lepreau experience. O » first broad band curve
represents the range of discrimination ratios and
loop-half average signals where a single element
fuel tailuxe CB09 and Gill began to release
araniun. The second curve represents the threshold
for uranium release from a nulti-eleaent failure
(Q16). The discrimination ratios for L22 and S12
before refuelling, fell below the first threshold.

CONCLUSIONS

The failed fuel detection 3ystems in the
CANDU 600 reactors are sufficiently sensitive to
detect and locate 3mall defects even in low power
bundles.

The number of defective elements in the core can
be estimated from steady-state or transient OFP
data, in particular from Xe-133 activity
concentrations. The first method is based on a
fractional release of 5 to 10% of Xe-133 inventory
under steady-state conditions for a "slow release
defect"/ and 10-20% for & "fast release defect".
The criteria are in good agreement with Point
Lepreau experience. The second method is based on
a burst release fraction of 5% of Xe-133 inventory
under transient conditions for both defect types.
The Point Lepreau data indicate that the magnitude
of the transient release, during the refuelling of
a channel containing a defect, is affected by
bundle so.ai.tlo.ri. This variation, susgorta a
transient release mechanism associated with water
flashing. The burst release can vary from 2% for
for downstream to 2% for upstream bundles. The
minimum number of defective elements can be
estimated from the number of fuel channels with
high DN signals, assuming one per channel.

The condition of the defective element (fast or
slow release defect type) can be determined from
the equilibrium concentration ratios of Xe-133 and
Kr-88 provided:

- the HTS has low levels of tramp uranium, less
Chan 3 grams in the core; and

- steady conditions are maintained for at least
two weeks (3 decay half-lives of Xe-133).

The deterioration mode in terns of releasing
uranium or increasing defect hole size can be
assessed by analyzing DM data trends. Uranium
release is indicated primarily by increasing loop
average as signals. Increasing detect hole size is
characterized by an increasing DN signal for the
suspect channel. Both techniques are useful but
become less sensitive with increasing tramp uranium
levels.

When the loop is free of fuel failures the
Xe-133 activity levels can be used to estimate the
tramp uranium levels. These levels relative to
that of a new core con #l«o be determined using
loop-half average OH signals. The average signals
also provide an estimate of the tramp uranium
distribution between loop-Halves.

Defective fuel should be removed when it begins
to release uranium as indicated by increasing
delayed neutron signals in the loop. Minimizing
uranium release from fuel defects will not only
maintain low radiation fields in the HTS, but avoid
desensitising the failed fuel detection systems.
Fuel f'ilures can be diagnosed by analyzing data
from the two independent systems, provided low
levels of tramp uranium are maintained.
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ABSTRACT

Data from an in-reactor research program at Chalk
River was used to develop a physically-based model
for the release of fission products from fuel defects
to the primary coolant. This model differentiates
between release from fuel failures and from uranium
contamination on in-core surfaces and is used to
yield an estimate of the average defect size and the
number of defects. The model has been successfully
applied co predicc the number of defects in power
reactors.

INTRODUCTION

The overall performance of fuel In the Canadian
CANDU* system has been excellent with a defect rate
of less than 0..1 per cent (1). However, those
elements which contain small fabrication defects,
deteriorate by a process of sheath hydridlng (2).
This deterioration and Che associated activity
release may present economic penalties to the power
utility from lost burnup and increased man-rem
exposure.

An experimental irradiation program at Chalk
River (3) has provided a more fundamental under-
standing of the release behaviour of fission products
from defective fuel. This program has allowed us to
relate the activity release with the degree of fuel
element damage. In this paper we discuss the model,
and illustrate its application to the power reactor.
In particular, this paper demonstrate* YKAJ to distin-
guish the activity release fron an unknown number of
defective fuel elements and from fuel debris that is
deposited on in-core surfaces. Once the two sources
of release are identified, the average size of defect
and the number of defective element(s) can be
determined from analyses of the activity in the
primary coolant*

THEORY OF FISSION PRODUCT RELEASE

Release Froa Uranium Contamination

Futl dcbrii ii usually found on in-core surface*
in a power reactor. This contamination is a result
of a previous lots of fuel fron defective elements
and froa che small amount which is deposited on
surfaces during fuel fabrication. Host of the
uranium contamination 1» in the form of very fine
particles. ?or in»t»nc*» «xp«*iu«nt.* «, ChiUs,
River (3) have shown ch«t fuel loss (froa defective
elements) results after individual grains of fuel are
loosened by oxidation along their boundaries (see
Figure 1 ) .

FIGURE 1: Oxidation of the U0 2 under the defect
hole. Oxidatiori is progressing along the
grain boundaries causing the grains to
separate from tHe bulk of the pellet.

For small particles of fuel at low-temperature,
fission product release occurs by direct recoil and
knockout. However, with uranium contamination, the
range of the fission fragment (10 urn) is comparable
to the size of the U 0 2 fuel particle itself (see
Figure 1 ) . Therefore, the fission fragment will
leave the particle of the fissioning U-atom and
release by knockout is small compared to that of
recoil. For example, experimental ratios (of release
rates) of Kr-Bfl to Xe-138 were between-0.4 and 0.7 in
a loop contaminated with fuel debris (4), in
excellent agreement with the theory of recoil (0.55)
(see Appendix A ) .

Froa Appendix A, for a release process dominated
by recoil, the release rate divided by the cumulative
yield is independent of the half-life and equal to a
constant for all isotopes i.e.,

R/Y

Release Froa Defective Fuel

(1)

In a defective fuel element, the fission products
migrate through the fuel matrix and eventually along
the fuel-to-sheath gap toward the defect site. At
th* typical T>w»%r TK.inRft in the CANW! T«»ctor, the
primary mode of release from che fuel co che gap is
by diffusion. In this case, the rate of release of
fission products to the coolant (as normalized by the
fission yield) is given by the general relation (6)

* CANada JJeuterium Uranium
R/Y (2)



6.23

where a and b are constants dependent on che chemical
nature of che species. H is a dlmensionless factor
for each Isotope chat takes into account the effect
of precursors i.e., except for 1-132 (where H =:12),
this factor is the order of unity and can be
ignored.

The constant b, for both iodine and noble gas, is
strongly influenced by the nature of the defect (see
Table 1 ) . When there is negligible holdup of fission
products in che fuel-to-sheath gap, as for many large
defects located along an element, b • -0.5. For
elements with moderate and smaller-sized defects
(typical of those in the power plant), diffusion of
fission products in the gap becomes important and
b - -1.0. However, with the saaller-aized defect,
there appears to be an additional chemical holdup of
iodine in the gap and b « -1.5.

2
S

I
R/Y = 3.3x10' X-»

MKCTBtt fUQ.

5.4x10°

, I
10 * 1(T

OKAY CONSTANT Xd"')

TABLE 1: TYPICAL RELEASE RATE DEPENDENCE ON THE
DECAY CONSTANT

Defect Size

Large

Moderate

Small

Exposure*

3 - 1 0 cm2

0.2 - 2.0 cm2

0.1 - 1.3 m»2

Dependence (b)
Iodine Noble Gas

-0.5

-1.0

-1.5

-0.5

-1.0

-1.0

* Range of -itfect size investigated (see Reference
3). The dependence ia also influenced by the
defect position; with several defects located in
close proximity to one another, the release is less
dependent on the decay constant (particularly for
iodine).

APPLICATION

Distinguishing the Types of Release

The different source* of release in the power
reactor (that is, from fuel debris and fron
defective fuel) can be mathematically separated with
the use of equations (1) and.(2), i.e.

R/Y (3)

In this analysis, the rate of release R is calculated
from the steady activity concentration measured in
the primary heat transport system. The fission yield
Y must also take inco account the effect of Pu-239
production. These calculations are described in
Appendix B.

On a logarithmic plot, if R/Y is Independent of
the decay constant, then the source is uranium
contamination from fuel debris. However, if there
Mists a linear relationship (with s slope between
-0.5 and -1.5), then fuel failures are present. As
shown In Figure 2, for the Douglas Point reactor,
both conditions can exist where there is a super-
position of the two processes. Here, the slope
exhibits a linear relationship for the longer-lived
isocopes but Is independent of the decay constant for
the shorter-lived ones.

FIGURE 2: Release versus decay constant plot for
iodine. Data for the Douglas Point NGS
(March 1982) (12). Defected fuel operated
at an average linear rating of about 40
kW/m with an average burnup of 150

13.

Size of Defect

Once the contributions to the release from fuel
debris and defective fuel have been separated (with
equation (3)), the value of the exponent b is
indicative of the size of defect (see Table 1). As a
typical example see Figure 2.

The ratio of the release rates of longer to
shorter lived isotopes (of the same chemical species)
has also been proposed as an indicator of defect
size (4). Physically, a short-lived isotope is
unable to diffuse an appreciable distance in the gap
before decay while a long-lived isotope (such as
Xe-133) can diffuse the entire length o<= a CANDU fuel
element (6). Hence, the release of the shorter-lived
isotope increases with defect size while the release
of the long-lived isotope is unaffected. However,
experiments (9) have shown that the noble gas ratio
is also dependent on the power rating, burnup and to
a lesser extent, on the length of the fuel element.
In particular, as shown in Table 2A, the more
traditional uae of ratios of the same chemical
species is less sensitive to the size of defect than
ratios of chemically different species, i.e. iodine
to noble gas. In the latter case, as the size of
defect increases, the ratio of liquid to steam in the
gap increases with a greater dissolution of deposited
iodine from the fuel and sheath surfaces (6) and
therefore, a greater iodine release compared co that
of noble gas.

Number of Fuel Failures

Ones the presence of defective fuel and the
average size of defect are established from release
plots and isotoplc ratios, th* number of fuel
failures may be estimated. An estimate is obtained
by dividing the observed release rate, of 1-131 at
equilibrium, by che experimentally observed value for
a single element (Table 2B). The experimental value
is for an clement with a given defect size. For
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example, because the defect in experiment FFO-102-2
is observed to be the same size as that seen in the
Douglas Point, and Pickering (Unit 1) CANDU reactors,
we may use this experimental value. In particular, a
release rate of 6 x 10 1* atom/s per defect was
estimated in both these reactors (7,10), in excellent
agreement with the experimental value of
5.0 x 1 0 u atom/s.

TABLE 2: ISOTOPtC RATES OP RELEASE TOK VARIOUS 1SFECT EXmiMENTS*

Exparlaent
Daacrlptlon

Defect
Claeslficatlon
U0, Expoaure (IB2)
Zleaent Length (en)
U i o r Font (kw/«)
Final Burnup
(MW.h/kg U)

A. taotoplc Ratios

(a) Mixed Species

I-133/X«-133

I-133/*r-88
I-131/Xe-133

(b) Sue Species

I-131/I-133
X.-133/Kr-M

B. Rate of Release

1-131 ( U O M / I )

drilled
hoi*
(1.1)

17
(8
20

0.0051
0.27
0.033

6.5
53.5

•beach
hrdrldlog
(12-200)
48
67
67

0.027
2.8
0.18

6.9
104.2

nechlned
•llu

(300-900)
47

0.79 1
10.4 2 - 3

1.5 0.4-0.5

1.9
13.3

0.4-0.5
2 - 3

a day for the isocope 1-131. However, in the power
reactor this peak occurs at an earlier time because
of the continual operation of the coolant cleanup
system. For instance, with a purification constant
of L » 6 x 10"5 s"1^ a peak is predicted to occur
in just 4 hours, in excellent agreement with that
generally observed (12). This agreement suggests
that equation (4) with the experimental values can be
used to predict the number of fuel failures, I.e. for
a single defective element in the power reactor,
N(,(t_ax)/N 0 - 2.5. Therefore, dividing the
observed ratio in the Pickering (Unit 3) reactor
(4000 UCi kg'i/SO uCi kg"1)* by this value, a defect.
rate of 0.025X is predicted, in excellent agreement
with the reported range of 0.016-0.03U (10).

S

HAY 01 20:24
r

1131

MEASURED

FITTED (EQUATION U

20 30 40

SHUTDOWN TIME (hoursi

* Teken froa Reference 7.
•« Derived froa equation (1) . T>e upper range lncludee affects of

Pu-239 production at a burOup of 150 W.h/kg 0 (see for exaaple
Figure B.I).

••* Nonallcad to a linear pout' "i 48 kW/si using an extrepolatlon
of the Allison end See det*>

FIGURE 3: Iodine release from a defective element
following reactor shutdown (experiment
FFO-109 Phase 2) (11).

The size of the "iodine spike" on reactor shutdown
can also provide information on the number of fuel
fai lures . A* observed experimentally (11) and shown
In fig\rc«i 5, the twjeatory if- Iodine to. the coolant
after reaccor shutdown will follow an exponential
growth and then a period of decay. This behaviour i s
governed by the rate constants for iodine leaching
(k), decay ( \ ) and the sy3tem losses (L), and is
described mathematically by (11)

e-(X+k)tl (4)

Here Nco is the initial inventory in the coolant
and no the initial number of atoms free to diffuse
in cht gap at th« tint of shucdown. The time at
which th« concentration reaches a maximum is given by

(5)

CONCLUSION

A method has been described to determine the
number of defected elements from the coolant
activity. Using release plots and isotopic ratios,
one is able to distinguish the activity release from
fuel debris and defective fuel, and to assess the
average size of defect. It has also been shown from
experiment that the ratio of the release rate of
chemically different species (i.e. iodine to noble
ga«) is a aore sensitive indicator of defect size
than that of the same chemical species. The number
of defective fuel elements can also be estimated from
an analysis of the 1-131 activity in the primary
:oolant during both the steady-state and transient
situation.
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APPENDIX A

The direct recoil rate (Rdr) is given by
Olander (5) as

• * " < F Y, (A-l)

where u ™ recoil range of fission fragment (assumed
to be equal for all fission fragments
~10 urn)

3 • geometric surface area of the fuel, cm2
*& -.3 -i
? • fission rate, fissions cm s
(^ - independent fission yield, atoms/fission

In a recirculating loop with pressurized water, the
precursor fission products are also emitted into the
coolant where they decay. Incorporating this effect
into the above equation, we find that the independent
yield Y.̂  must be replaced by the chain. yteLd Y
(leading to fission product i). Therefore, at
equilibrium, for a recirculating syscem (rec) we have

R
dr (rec) ml (A-2)

Using this relation, the predicted racio of che
release rates of Kr-88 to Xe-138 is

Rdr (rec) / Bdr (rec) , 88
88 138 Y 1 3 8

APPENDIX B

The rate of release R (atoms/s) at steady-state
can be related to the primary coolant activity Cm
(uCi/kg) by the formula (7)

Cm (B-l)

where k • 3.7 it 104 dps/uCi

(X+6)/* " correction factor for ion-exchange in
which 6 (s"1) is the station
purification constant

V " mass volume of the primary heat
transport system, kg

tj " transport time from the core to the
sample location, s.

For high burnup fuel of natural enrichment, the
contribution to the yield from Pu-239 production must
be considered. For instance, using ENDF/B-V fission
yield data and reactor physics code calculations (8),
the iaotopie yields, T, are typically plotted fot the
Douglas Point reactor in Figure B.I. It is obvious
that only the yields for krypton vary significantly
with burnup.

SO 120 160

BURNUP (MWh/kgU)
200 240

FIGURE B.I: Fission yield versus burnup for the
Douglas Point reactor.
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ABSTRACT

All Canada's commercial irradiation experience is
with the natural UO2, once-through, fuel cycle.
However, AECL has also accumulated a substantial data
base for MOX [(U,Pu)O2, (Th,U)O2 and (Th,Pu)O2] at*.

1

SEU [(< 2 wt% U-235)02j. The data base Incorporates
normal operating conditions, including power ramps, to
burnups In excess of 1000 MU.h/kgHE (40 000 MVJ.d/TeHE)
at a range of linear powers. In the SEU data base is
a well-documented program on the advanced annular
fuel/graphite disc fuel designs for high power and
burnup applications. There is also a significant
instrumented irradiation support progran based on SEU.

The studies have not identified any previously
unrecognized life-limiting phenomena which would pre-
clude use of the current standard CANDU fuel design to
burnups of at least 600 MW.h/kgHE (25 000 tlW.d/TeHE).

INTRODUCTION

International conferences have focused on the
world's current trend toward extended burnup for U02
fuel, most recently in Hoi (1), with significant
studies for Light Water Reactor (LWR) fuel. Since the
mid-1970's, attention has also been focused on high
burnup in CANDU fuel by the requirements of advanced
fuel cycles. Use of SEU (s 2 wtZ U-235 in U) or mixed
oxide fuel [M0X-(U,Pu)02, (Th,U)O2 and (Th,Pu)02] may
require that CANDU fuel operates to a significantly
higher burnup than the 200 MW.h/kgU average for the
current natural uranium, once-through cycle.

In this review, we report high burnup experience
applicable, to CANDU, with particular reference to the
application of recycle fuel. We select for more
detailed discussion, significant experimental
irradiations with mixed oxide fuel, SEU fuel and both
experimental and commercial experience with natural
U02 fuel. The fuel types discussed are from the
conventional route: blended powder, cold pressing and
sintering to produce a solid pellet. A summary of ex-
perimental high burnup experience under power reactor
coolant conditions is given in Table 1.

(U,Pu)02 EXPERIENCE

NPD-40 Experiment

The NPD-40 experiment involved the irradiation of
six, 19-element (U,Pu)02 fuel bundles in the MPD and
NR0 reactors. Two designs of fuel element were used,
with three bundles being assembled from elements of
each design. One fuel element design, which was used
for bundles KA, KB and KC, consisted of high-density
annular fuel pellets clad with collapsible Zircaloy-4
sheathing. The other design, which was used for
bundles KD, KE and KF, consisted of low-density solid
fuel pellets clad with free-standing Zircaloy-4
sheathing.

All six fuel bundles were irradiated at low power
(outer element linear power outputs of 20-30 kW/m) in
NPD to outer element burnups of 400-500 MW.h/kgHE.
Following this low power irradiation, bundles KA, KE
and KF were power-ramped in NRU. Low-power irradia-
tion of bundle KB in NPD is continuing towards a
target burnup of 1000 MW.h/kgHE.

This experiment has demonstrated that (U,Pu)C>2
fuels can operate to extended burnups. It was found
that both high density (96Z T.D.) fuel with a central
hole and low density (922 T.D.) fuel could sustain low
power (20-30 kW/m) operation to high burnup (500 MW.h/
legHE). The limited resistance of these fuels to power
rasps at this burnup level is not surprising. Pellet
end effects were observed. The continuing integrity
of bundle KB indicates that burnup levels greater than
500 MW.h/kgHE are attainable in high density (U,Pu)02
containing a central hole 2.54 mm In diameter. The
low operating power of the fuel reduces the value of
the experiment for direct application to advance fuel
cycle programs, but It is nevertheless a valuable
demonstration of (U,Pu)02 behaviour.

BDL-419 Experiment

The BDL-419 experiment constitutes the largest
irradiation of (U,Pu)O2 fuel in Canada to date. The

TABLE 1: CANDU EXPERIMENTAL HIGH BURNUP EXPERIENCE AT CRNL

Burnup
MU.h/kgHE
200-300
300-400
400-500
500-600
600-700
> 700
TOTAL

NATURAL UO2
Bundles
16
2
4
1
1
1
25

Elements
-
-
-
-
-
-
0

SEU
Bundles
17
2
3
1
2
-
25

Elements
55
32
11
L
3
-

102

(Th,
Bundles

-
1
1
2
-
-
4

1002
Elements

19
3
2
18
16
-
58

(JJ,Pu)02
Bundles

2
2
3
4
-
1
:3

Elements
12
-
-
-
-
-
13

TOTAL
Bundles
35
7
11
8
3
2
66

Elements
87
35
13
19
19
-
173

rCNS nabara
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experiment was designed to demonstrate Che ability to
manufacture, in Canada, (U,Pu)C>2 fuel capable of oper-
ating under PHWR conditions to a burnup of at least
500 MW.h/kgHE.

The irradiation of six bundles, the elements for
which were prepared in the Recycle Fuel Fabrication
Laboratory (RFFL) at CRNL, has commenced. These
bundles, assembled by Canadian General Electric (CGE),
are of the standard Bruce 37-element CANDU design but
have the central element replaced by a support rod to
allow vertical installation in the NRU reactor. The
maximum outer element linear power output available
from these elements is 61 kW/m. Irradiation of the
remaining bundles in NRU will start in the near
future.

The fuel pellets are double-dished, of density
10.63 Mg/m3 with 0.5X fissile Pu; pellet 2,/d is 1.0.
The fuel is Zircaloy-4 sheathed, with DAG-154 CANLUB.
Table 2 outlines the current irradiation status of the
bundles. One bundle (ABC) has achieved its target
burnup of ^ 500 MW.h/kgHE with no attendant problems.
No post-irradiation examinations have yet been
performed.

TABLE 2: CURRENT POWER HISTORY STATUS,
BDL-419 (U.PuJC;,

BUNDLE
ABA

ABB

ABC

ABD

ABE

ABF

RING
Average of 18

inner elements (I)
outer (0)

I
0
I
0
I
0
I
0
I
0

POWER
(kW/m)

13-20
20-30
20-30
20-46
20-35
30-53
30-35
35-55
25-35
30-50
18-22
20-33

S'IRNUP
(MW.h/kgHE)

175
245
343
453
392
512
219
302
264
357
201
279

(Th,U)02 - CONVENTIONAL FUEL

NPD-51 Experiment

The experiment comprises four, nineteen-elemen^
(18.5 cm bundle 0D) split-spacer bundles, with 15.2 mm
OD Zircaloy-4 sheathing and co-milled thoria fuel
fabricated by CGE in 1976 and commenced NPD irradia-
tion the same year. The fuel pellets of density
9.6 Mg/m3 had two different UO2 contents: 2.6 wt* and
1.45 wt% U02 (96% enriched) in MO2.

The bundles are continuing irradiation in NPD
towards a target burnup of 1000 MW.h/kgHE. Current
maximum burnup is about 800-900 MW.h/kgHE; no problems
have been encountered. Outer element maximum linear
power has noc exceeded 35 kW/m. The bundles are
scheduled for discharge in late 1985, on attaining
target burnup.

FDO-713 Experiment

This test was originally being performed at CRNL for
Bettis Laboratories (WAPD)• CRNL took over full
responsibility for the test in 1983. The FDO-713
experiment comprises two fuel strings, each of which
consists of seven fuel elements. The elements, which

contain either (Th,U-235)O2 or (Th,U-233)O2, are
strung vertically in NRX loops. This vertical arrange-
ment allows the elements to operate at a variety of
powers. Currently, the lowest- and highest-rated
elements are operating at 15 kW/m and 57 kW/m respec-
tively; maximum burnup achieved is 600 MW.h/kgHE,
without defects. Table 3 summarizes the power
histories of the 14 involved elements. Irradiation of
the fuel assemblies is continuing towards a target.
burnup of 1200 MW.h/kgHE.

TABLE 3: FDO-713 EXPERIMENT (Th,U)02-

STRING ELEMENT
97-176
97-178
97-179

SGRT-1 97-177
97-181
97-189
97-188
97-183
97-182
97-184

SGRT-2 97-187
97-186
97-174
97-175

FUEL TYPE
(Th,U-235)O2

"

(Th,U-233)O2

(Th,U-233)O2
"
•*

11

••

•*

ENRICHMENT
(wt2 U
in HE)
2.94
2.94
2.94
2.94
2.94
3.10
3.10
3.10
3.10
3.10
3.10
3.10
2.94
2.94

" LINEAR
POWER
(kW/m)
32
50
57
55
41
35
18
29
44
44
53
41
31
15

BURNUP
(MW.h/
kgHE)
229
369
436
216
160
132
69
301
505
602
398
553
467
290

This experiment will provide comparative behaviour-
al data for (Th,(7-235)02 a o d (Th,U-233)O2 over broad
ranges of operating power and burnup. The strings are
scheduled for removal and examination in 1987.

BDL-421 Experiment

The experiment comprises one 600 MW (G-2) type
bundle (AC") fabricated by WECAN using CGE-produced
pellets (p % 9.6 Mg/m3). The pellets have i/d »0.5
and 2.5 w/o U-235 in total heavy elements. The bundle
has alternate Zircaloy-4 sheathed elements coated with
ES-242 graphite CANLUB and flow-coated siloxane
CANLUB, representative of our best CANLUB coatings.
Table 6 gives the power history. ACT has been power
ramped three times from about 20 to 55 to 60 kW/n, the
outer elements at burnups of 90, 180, and 510 MW.h/
kgHE, exceeding the threshold for failure for un-
coated fuel without a defect. The present
maximum (equilibrium) power of ACT is about 55 kW/m.
Interim visual examinations have revealed no obvious
problems. Irradiation is continuing to a target of
1000 MW.h/kgHE with Intermittent power ramps.

BDL-421 is giving excellent confidence that
advanced cycle fuel with current-design CANLUB coat-
ings can operate to design burnups with intermittent
ramps without operational problems.

DME-177 Experiment

The experiment comprised a Pickering size
(•\ 15.2 mm 0D elements) demountable bundle core [AAT
(COR-107)] of twelve structural elements fuelled with
(Th,U)O2 density 9.6 Mg/m3 made by CGE. U02 content
was 1.66% in (Th,U)O2> the U was 93.2 w/o U-235. The
sixteen outer elements of DME-177 were fuelled with
the same batch of (Th,U)O2 pellets. The bundle was
irradiated in NRU U-l and U-2 loops at continuous high
power to > 500 MW.h/kgHE (outer elements). Target
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burnup was achieved without incident• The elements
have been visually examined, neutron radiographed, and
measured. All elements experienced a diametral
contraction less than 0.12. Neutron radiography indi-
cated some increase in axial gaps from densification.
No gas release work has yet been done- Further post-
irradiation examination is pending. Table 4 gives the
power history.

TABLE 4: POWER HISTORY, DME-177 (Th,U)O2.

COR-107 elements

DME-177 elements
(outer)

POWER RANGE
(kW/m)

25 to 38

30 to 64

BURNUP
(MW.h/kgHE)

353

550

BDL-422 Experiment

The experiment comprises six Bruce-type bundles
fabricated and assembled in the Recycle Fuel Fabrica-
tion Laboratory at Chalk River Nuclear Laboratories
(CRNL). Sheaths have alternating ES-242 graphite and
siloxane CANLUB. The (Th,Pu)C>2 pellets contain
1.75 wtX fissile Pu in total HE. The six bundles are
now beginning their fourth insertion with a maximum
burnup of 115 MW.h/kgHE. Maximum linear powers have
been in the range 45 to 60 kW/m. When the two low-
powered bundles achieve about 100 MW.h/kgHE burnup,
they will be ramped by interchanging them with the
middle bundles. This procedure will continue up to
the target burnup of 1000 MW.h/kgHE on the highest
burnup bundles.

WR1-1007 Experiment

The experiment comprised twenty, 22-element
bundles. Three fuel compositions were used: 2.12,
2.81 and 4.15 wt% UO2 in (Th,U)02. U enrichment
varied from 87.4-92.8 vcZ U. Fuel densities were
about 9.5 Mg/m3. Maximum bu.-nup achieved was
450 MW.h/kgHE at a linear porer range of 36-48 kW/m in
organic coolant. The general performance was similar
to that expected from UO2 under similar organically-
cooled conditions. We have discontinued use of the
co-milling technique used to fabricate this fuel.

WR1-219 Experiment

The experiment comprised six (Th,U)C>2 elements,
sheathed in Zircaloy-4 and Zr-2.5 wtX Mb with three
elements each of "granular" pellets (see Section
2.2.2.1} fabricated with 52 and 202 internal volume.
Fuel compositions were 1.6 and 1.92 wtZ UO2 in
(Th,U)02, respectively. Pellet densities were
9.65 Mg/m , pellet diameters were about 14 mm. Maximum
burnup achieved was 400 MW.h/kgHE at linear powers
between 30 and 56 kW/m. No elements defected.
Fission gas release was less than 5% in all cases,
with lower releases for the fuel with a 202 void
volume. There were small diametral contractions,
i 0.2S.

WR1-220/221 Experiment

The experiment comprised six (Th,U)C>2 elements
sheathed in Zircaloy-4 and Zr-2.5 wtX Mb with three
elements each with graphite cores and three with
graphite discs becween the pellets. Fuel composition

was 1.92 wtZ UO2 in (Th,U)02i pellet densities were
9.65 Mg/m3. Pellet diameters were about 14 mm. Maxi-
mum burnup achieved was 340 MW.h/kgHE with a linear
power range of 30-47 kW/m. No elements defected.
Fission gas release was less than 1% in all cases.
There were small diametral contractions, generally
less than 0.22.

WR1-225 Experiment

The experiment comprised (Th,U)C>2 elements, 1.9 wt£
UO2 in (Th,U)02- Density was 9.6 mg/m-'. The elemeors
were Zircaloy-4 sheathed with siloxane CANLUB
coatings. All elements achieved 450 MW.h/kgHE with a
linear power range of 40-55 kW/m, with no defects
occurring.

WR1-1004 Experiment

The experiment comprised four, 22-element bundles
(element OD 15 mo). Fuel composition was 2.41 wt% UO2
in (Th,U)O2, U enrichment was 922. Fuel density was
9.6 Mg/nF. Maximum burnup achieved was 410 MW.h/kgHE
at an average outer element linear power of 46 kW/m in
high temperature, low restraint {< 2 MPa) orjanic
coolant. Average gas release was 12%, about the same
as expected for UO2 under similar operating condi-
tions. No defects occurred. Diametral increases of
0.7S and 1.52 were measured at mid-pellet and ridges,
respectively; these higher values are typical of
organic coolant Irradiations.

(Th,Pu)02 EXPERIENCE

BDL-422 Experiment

The experiment comprises six Bruce-type bundle
kits, Zircaloy-4 sheached, fabricated and assembled in
the RFFL at CRNL. Sheaths have Es-242 graphite and
siloxane (alternating) CANLUB. The (Th,Pu)02 pellets
contain about 1.75 wt2 fissile Pu in total HE. Pellet
density was in the range 9.4 to 9.5 Mg/m3.

The six bundles (ADA to ADF) were assembled onto a
string and commenced irradiation in U-2 loop on 1984
June 29. They are now beginning their fourth insertion
with a maximum burnup of 115 MW.h/kgHE on the two flux
centreline bundles. Maximum linear powers have been
in the range 45 to 60 kW/m, When the two low-powered
bundles achieve about 100 MW.h/kgHE burnup, they will
be ramped by interchanging them with the middle
bundles. This procedure will continue up to the
target burnup of 1000 MW.h/kgHE on the highest burnup
bundles.

SEU EXPERIENCE

Introduction

Most experimental UO2 irradiations in AECL research
reactors have involved SEU, so that power histories
similar to those of natural UO2 fuels in power
reactors could be obtained. Consequently, we have
accumulated a substantial body of experience with SEU
oxide fuel.

No significant behavioural differences between
natural UO2 an! SEU oxide fuel have been detected.
Our experience with SEU at burnups over 200 MW.h/kgU
involves 25 bundles and 102 single elements.
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BDL-41o Experiment

The experiment comprised cwo bundles, one ot which

1AAW) achieved high burnup. The test was fabricated

for power ramp testing with Zircaloy-4 sheath, UO2

peliets 1.7 wt?J U-235 in I'. Bundles were assembled by

5vECA.N with an experimental mix of pellets, coated

sheaths, and element assembly by both WECAN and CGE.

CGE supplied DAG-154 CANLUB and pellets with a density

10.6 Mg/a 3. WECAN supplied ES-242 graphite CANLUB and

pellets ot" density 10.4 Mg/m3. The bundles were irra-

diated in U-l and U-2 loops and power ramped from 40

to 70 kW/m at ~ 150 MW.h/kgU. AAW survived and was

irradiated to high burnup. Table 5 gives the power

history. A maximum burnup In excess oE 600 MW.h/kgU

at a maximum linear power of 70 kW/m was achieved in

AAW. Post-irradiation examination showed no defect and

no unusual features. The greater diametral expansion

occurred in elements with pellets of density

10.6 Mg/m3 (< 2.5%). Elements with pellets of density

L0.4 Mg/si3 had lower expansion (< 2.0%). Fission gas

release was 25-45%. No metallography has been per-

formed.

TABLE 5: POWER HISTORIES, BDL-416 BUNDLE AAW iEU).

RING OF ELEMENTS

Outer
Average of Inner 18

MIDLENGTH
Power Range

kW/m

30-40
20-50

Burnup
MW.h/kgU

614
475

NPD-56 Experiment

The experiment comprised ten, 19-element bundles
with 15.2 njm diameter elements, enriched 1.4 wt% U-235
in U, wire-wrapped, non-CANLUB to be irradiated to a
target bundle average burnup of 700 MW.h/kgU. There
are no experimental variables in the bundles and
normal clearances exist. The pellets are dished one
end with a density of 10.45-10.65 Mg/m3. Six of the
ten bundles have been discharged from MPD at target
burnups. Two. of the bundles, DG111 and DG063, are
currently undergoing examination at CRNL. A maximum
outer element burnup of 775 MW.h/kgU at a linear power
i 30 kW/m was achieved.

Visual Inspection of both bundles revealed no
problem areas. DG-111 was broken by accidental drop-
page. Maximum diametral strain on bundle DG-063 was
about 1.32. Maximum diametral strain for bundle
DG-L11 elements was 0.3%. Neutron radiography has
shown nothing unusual. The experiment awaits metallo-
graphic examination.

U-229 Experiment

Bundle JC was a 36-eleraent, Bruce-type with
Zircaloy-4 sheathing. Enrichment was 1.55 wt% U-235
in U; fuel density was 10.65 Mg/m3. A maximum burnup
01 670 MW.h/kgU was achieved with a linear power range
01 20-60 kW/m. Fission gas release was 11-13.5% for
the outer elements, ^2% for the intermediate elements
and • IX for the inner elements. Maximum measured
diametral changes at the pellet mid-planes and
interfaces were 0.63 and 0.9%, respectively. Figure 1
shows the ceraraographic cross-sections for (a) outer,
(b) intermediate and (c) inner elements. Columnar
grain growth is observed in outer elements; equiaxed

FIGURE L: CERAMOGRAPHIC CROSS-SECTIONS OF FUEL
ELEMENTS, BUNDLE JC, U-229:
<a) OUTER, (b) INTERMEDIATE, AND
(c) INNER. (7X)

grain growth in the Intermediate elements. The bundle
operated without problems, and no defects occurred.

Annular LEU Fuel Tests

The graphite discs, fmnular oxide pellet, fuel
design was first proposed by W.B. Lewis et al. (2)
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satisfy requirements tor ^ood dimensional stability
and low fission gas release at high power and burnup.
X-54L (3) is an example of che annular fuel tests at

CRNL.

Fuel for the test was UO2 of density 10.65 Mg/oP,

enriched 9.5 wt% 0—235 in U. Pellet diameter was

L2-57 aim; inside diameter was 2.9 mm, with the annulus

representing about 5X of the fuel by volume. Pellets

were sheathed in 0.41 mm chick Zr-2.5 »t% Mb. Linear

power range was 44-62 kW/m to a maximum burnup of

775 '(W.h/kgU. The ':est showed thac, at linear powers

of 44 and 62 kW/m and comparable burnups, fuel with a

combination of annular pellets and graphite discs

exhibited fission gas release two to four times less

than chat measured for annular fuel alone. The

reduction in release was due to lower fuel operating

temperatures.

EXPERIMENTAL NATURAL UO2 EXPERIENCE

General

The Pu content at the end-of-life for the

current once-through natural UO2 cycle is about

0.3 wtS. This does not differ significantly from Pu

contents for CANDU recycle fuel (0.3-12 Pu, depending

on cycle). There is consequently a good case that

CAXDl' recycle fuel and the current natural UO2 fuel

.,-ould operate identically under comparable conditions.

This has been borne out in our experimental test

program. The performance similarity has an important

consequence in admitting natural IK>2 fuel to our data

base, thus greatly strengthening the Canauian experi-

ence base wich M0X fuel.

Experimental Experience

BDL-406 Series. Most experimental fuel irradiated in

the cest reactors is enriched to achieve required

power levels. However, in the BDL-406 series, natural

UO-i bundles are used as "fillers" in experimental

strings in NRU. These are Bruce first-charge bundles

with a proprietary plenum insert in the outer elements

and DAG-L54 CANLU8. Bundles have been used in all

posicions oi six bundle strings in U-l and U-2 loops

of NRU. Maximum linear power achievable in U-loops is

about 42 kW/m. Most bundles have operated for most of

their irradiation at a linear power of about

20-30 kW/m. Although we have numerous bundles (% 10)

below 300 MW.h/kgU, only those above 300 are listed

below:

BUNDLE

GF
ZS
ZR
XY
GC
AAH
*GE

AAM

AVERAGE BURNUP
INNER 18 ELEMENTS

(MW.h/kgU)

581
585
438
377
341
321
325
244
237

OUTER ELEMENT
BURNUP

(MW.h/kgU)

7W
683
557
480
435
424
416
315
306

One partial examination has been done, thac of
bundle GE which defected with a leaking end-weld.
Outer element diameters had contracted by about 0.2%.
Only slight circumferential ridging was visible at one
end. Outer oxide thickness was 4 co 6 _m; no oxide
was observed on the internal surface. There were no
signs of life-limiting problems and irradiation will
continue for some of the higher burnup bundles.

NATURAL U02 EXPERIENCE IN POWER REACTORS

Introduction

Ontario Hydro commercial reactors have discharged a
significant number of natural UO2 CANDU bundles after
irradiation to high burnup. There are bundles in
Bruce NGS with burnups exceeding 700 MW.h/kgU and
about 3000 bundles have been discharged wich burnups
between 280 MW.h/kgU and 700 MW.h/kgU. In Pickering
NGS, more than 1100 bundles with burnups in excess of
280 MW.h/kgU have been discharged; a corresponding
total for Douglas Point NGS and NPD is in excess of
500 bundles. This high burnup fuel has been
discharged using normal handling techniques with no
particular precautions.

Bruce NGS Bundle F04857

'removed because of defect.

We have carried out a detailed examination on a UOT
fuel bundle irradiated in Bruce NGS to a maximum
burnup of 570 MW.h/kgU at a maximum linear power of
55 kW/m. Bundle and elements generally showed good
structural integrity. Fission gas release, dimensional
changes and microstructure were all acceptable.
Calculations using the ELESIM fuel performance code
and average outer element power histories showed good
agreement with fission gas, grain growth and local
volume change data. We are currently examining a
Bruce NGS bundle with a maximum burnup exceeding
700 MW.h/kgU; at least one detective element was
observed in fuel bay examinations.

INSTRUMENTED AND MODELLING SUPPORT

As well as the larger scale bundle and element
experimental tests and commercial irradiations which
provide data of a statistical nature, the program is
supported at CRNL by instrumented irradiations which
provide fundamental "separate effects" data, primarily
for model development and verification. While these
instrumented tests usually do not achieve high burn-
ups, they are valuable for studying parameters which
may be significant in extended burnup applications.

Normal Operating Conditions (NOC)

IRDMR. The In-reactor diameter measuring rig (IRDMR)
measures the dynamic dimensional response of fuel
elements under steady state and ramp conditions. We
have just concluded a test series on UO2 to determine
the effects of prior Irradiation, fuel density and
ramp rate. (4)

In 1984 November, we initiated a series of in-
reactor tests to determine the dimensional response of
(Th,U)02 fuel under a range of operating conditions.
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Fuel Thermal Response. We have just compleced an
in-reactoc test Co examine the effect of (Th1L')02
microstructare on operating temperature. We continued
the co-milled "coarse" (fissured) (Th.L'JO? structure,
shown in Figure 2 ( a ) , operated at a higher temperature
than tuel with a "conventional" microstructure
[Figure 2tb)] . This result helps explain the high
fission gas release data from co-milled (Th.U)O2
discussed earlier, and had previously been
inferred from bundle and element tests.

Defect Behaviour. A series of tests in the X-2 defect
loop of NRX has given information on the defect beha-
viour or I'OT and (Th,U)O2 fuel (5-8). Commercial CANDU
tuel has operated with a low defect occurrence since
the inception of CANLUB sheath coatings and revised
fuel management schemes (9,10).

(b)

FIGURE 2. (a) LOW-CONDUCTIVITY STRUCTURE CHARACTERIS-
TIC OF CO-MILLED (Th,U)Oj. PELLET DIAMETER
IS 14.2 mm. CONVENTIONAL DENSE STRUCTURE
IS SHOUN IN (b).

Other Testa. In addition to the above, closely
controlled in-reactor cests have shown the effects of
fuel density, grain size, pellet design, internal
element configuration and CANLUB coating optimization

(U).

Accident Conditions.

Sweep Gas Tests. Since 1979, there has been a signi-
ficant program at CRNL to examine the behaviour of

short-lived fission products in UO2 fuel using a
dynamic, in-reactor, "sweep gas" technique under a
wide range of operating conditions. This "source term"
research on solid and annular fuel has provided
valuable data for model development (3,12-17).

Dryout Tests. These instrumented tests in the X-4
loop of NRX follow fuel response under extended loop
dryout conditions to provide data for LOCA analysis.
The "sweep gas" technique is used concurrently to
measure transient release of short-lived fission
products (13).

Blowdown Tests. More severe tests than dryout, of
shorter duration, these tests allow measurement of
fuel response under conditions approaching LOCA-
Again transient release of short-lived fission
products is monitored (18,19).

Blowdown Test Facility (BTF). This is a new accident
facility being constructed in NRU reactor, to allow
monitoring of conditions more severe than dryout or
blowdown. Comissioning tests are scheduled for »985.

Modelling Support

NOC performance is modelled by our ELESIM Code
(20,21) which also shows reasonable capability for
high burnup calculations (see SEU Experience section).
Continuing improvements are being studied. ELESTRES
(22) allows modelling of dimensional response under
NOC; ELOCA is designed for accident applications.
AMAZING gives annular/disc fuel data.

All codes are constantly being refined or rewritten
as dictated by data verification tests.

CONCLUSIONS

(1) We have established a substantial MOX and SEU data
base under normal operating conditions, including
power ramps, to burnups In excess of 1000 MU.h/kgHE at
a range of linear powers.

(2) The high burnup data base is significantly
augmented by the Inclusion of natural UO2 data, prima-
rily from the commercial reactors.

(3) We have considerable experience over a range of
operating conditions with advanced annular fuel/
graphite disc designs for high burnup application.

(4) We have a substantial instrumented irradiation
support program.

(5) Initial comparisons indicate that ELESIM predicts
high burnup performance under normal operating condi-
tions reasonably well; further code verification is
required.
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ABSTRACT

We have measured central operating temperatures in
three types of Zircaloy-clad, ThO2-UO2 fuels,
in-reactor, at linear power ratings up to 70 kW/n as
part of a program to assess Che thermal conductivities
of ThO2~UO2- Our results showed that fuel whose
mlcrostructures comprised granules, introduced during
pre-pressing and granulating, operated at higher
temperatures than fuel with a uniformly dense micro-
structure. Although ThO2~UO2 should have a higher
thermal conductivity than UO2 , one of the ThO2~UO2
fuels, possessing a granular microstructure, operated
at temperatures similar to those predicted for an
equivalent UO2 element.

INTRODUCTION

Effective fuel thermal conductivity is one of
Che main sources of uncertainty in understanding the
irradiation behaviour of current ThO2~based fuel-
Thermal conductivity is the fuel property which most
strongly influences the irradiation behaviour of oxide
fuels, particularly with respect to pellet-clad
interaction (FCI) and fission gas release* Thermal
conductivity, together with the fuel-to-sheath heat
transfer coefficient, control the fuel temperature
distribution and thereby influence fuel thermal
expansion, fuel creep and denslfication, grain growth
rate, fission gas diffusion rates and gas bubble
swelling and interlinkage.

ThO2-UO2 fuels are being studied for future
application in advanced fuel cycles. Considerable
data are available on thermal properties derived from
laboratory (1-3) and in-reactor testing (4). As
part of a program to assess the effective thermal
conductivity of ThO2-TO2, we have measured,
in-reactor, central operating temperatures in three
types of Zircaloy-clad (Th,8.7 wt% U)C>2 fuels with
93% U-235 in total U. Temperature measurements were
taken at linear power ratings up to 70 kW/m.

In this paper, we report the results of these
temperature measurements and compare operating
temperatures of TW^-UO? with those predicted for an
equivalent [10? case. Comparisons are made between
ThC^-UO? fuel types produced via three different
fabrication routes, resulting in three different
pellet mlcrostructures.

EXPERIMENTAL

The fuel used in this test was (Th,8.7 wt% U)02,
with 93Z U-235 in total U, sintered to 96 per cent
theoretical density. Three different fabrication
routes were used, each of which produced pellets with
a characteristic microstructure shown in Figures 1-3.
Element specifications and loop conditions are given
in Table 1.

FIGURE 1: PELLET MICROSTRUCTURE: ELEMENT A10K POWDER
WAS MECHANICALLY BLENDED PRIOR TO FINAL PRESSING AND
SINTERING. (AS-POLISHED; TRANSVERSE SECTION.)

FIGURE 2: PELLET MICROSTRUCTURE: ELEMENT A10L POWDER
WAS. PRE-PRESSED AND GRANULATED PRIOR TO FINAL PRESSING
AND SINTERING. (AS-POLISHED; TRANSVERSE SECTION.)
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FIGURE 3 : PELLET MICHOSTRUCTURE: ELEMENT A10M POWDER
WAS PRE-PRESSED AND GRANULATED PRIOR TO FINAL PRESSING
AND SINTERING. (AS-POHSHED; TRANSVERSE SECTION.)

TABLE 1 : FUEL ELEMENT DETAILS AND TEST
CONDITIONS

A10K

Fuel:
Sintered (Th,8.7 wtZ U)02

Pellets With 93X U-235 in U

9.7

14.2

20

Density (Mg/m3)

Diameter (mm)

Length (mm)

Microstructure

Clad: Zircaloy-4

Inside Diameter
(mm)

Wall Thickness
(mm)

Coating

Test Conditions:

Outlet Temperature (K)

Outlet Pressure (Mfa)

Flow (kg/s)

AIOL

9.8

14.2

20

A10M

9.6

14.2

20

Non- Granular/ Granular/
Granular Open Pores Fissures

14.3

0.45

None

525

9

1

loop of Chalk River Nuclear Laboratories' NRX reactor.
The test assembly was instrumented with two coolant
thermocouples and three self-powered rhodium flux
detectors to monitor the test conditions. Element
power changes up to 30 kW/m were accomplished by
stepped reactor paver changes. Power cycles between
30 kW/m and 70 kW/m were carried out using the X-6
loop Helium-3 facility (5).

Physics calculations were performed upon completion
of the test so that element linear powers could be
estimated from loop power and flux measurements.
Factors such as flux depression across the trefoil,
minor differences in fuel densities and depletion of
rhodium flux detectors were all taken into account.

RESULTS AND DISCUSSION

Figure 4 shows the results of our in-reactor
measurements of central temperature, plotted against
element linear power for the range 30 kw/in to 70 kW/m.
Also shown is a plot of central temperature versus
linear power for a 3.53! enriched UO2 fuel element,
which operated at linear powers up to 60 kW/m in
earlier MX teats in the X-6 loop (6,7), as predicted
by the ELESIM II fuel performance code (8,9). Elemenc
dimensions, neutron flux levels and loop conditions
for the UO2 element modeled were identical to those
f̂ r the TI7O2-UO2 elements used in this test.

35 40 45 so 55 SO
ELEMENT LINEAR POWER (kw/m) —

65 70

The uppermost twelve of tuenty-four pellets in
each element contained central holes, forming an
annulus to accept a W52Re/W26ZRe thermocouple, the hot
junction of which was located at the nominal midplane
of each element. Elements were mounted in a specially
designed trefoil assembly and irradiated in the X-6

FIGURE 4: CENTRAL OPERATING TEMPERATURE VERSUS LINEAR
POWER FOR THREE ThO2~UO2 ELEMENTS AND AN EQUIVALENT
UO2 CASE. CURVES FOR ThO2"UO2 ELEMENTS WERE FITTED
TO EXPERIMENTAL DATA. UPPER LIMIT UNCERTAINTIES
ARE SHOWN.
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Statistical analysis of temperature data showed
that below about 30 kW/m, central temperatures in the
three fuel types were virtually identical. Between
30 kW/m and 70 kW/m, the fuel type with a uniformly
dense (non-granular) microstructure, element A10K
(Figure \) , ran coolest. Between 40 Wi)/» and 70
the fuel whose microstructure consisted of dense
granules separated from one another by coarse
stringers of porosity, AlOL (Figure 2 ) , ran hotter
than A10K but cooler than the third fuel type, A10M
(Figure 3 ) , whose microstructure consisted of dense
granules isolated from one another by porous
fissures. Compared with the equivalent U02 case,
elements A10K and A10L ran cooler, as would be
expected for TM>2-UO2 fuels. However, element
A10M ran at central temperatures equal to or greater
than those predicted for 002-

Ihe relationship between pallet aicrostructure and
central operating temperature observed here, Is
consistent with earlier work (10,11), which showed
that UO2 - (20-25 wt%) Pu02 fuel containing
laminar, open porosity had thermal conductivities as
much as 33Z less than predicted, while samples with
microcrack networks or fissures had thermal conduc-
tivities as much as 44% less than predicted. Ihe
predictions in these references were made assuming a
solid, continuous matrix of UO2-PUO2 with
compositions matching those of the fuels tested.

Some fabrication routes used to produce sintered
fuel pellets of acceptably high density Included a
pre-pressing and granulating step. Two such
fabrication routes were used to produce the fuel types
in elements A10L and A10M. Depending on powder
properties, granules may persist through final
pressing and sintering, resulting in pellet micro-
structurea such as those seen In Figures 2 and 3.

Although granules generally sinter to high density
and hence possess excellent thermal conductivity, bulk
heat transfer Is impaired by the less-dense material
which surrounds them. The extent to which heat
transfer is impaired in a granular pellet microatruc-
ture will depend on the volume per cent, morphology,
orientation and density of the porous phase. The
higher operating temperatures of A10M, compared with
AlOL, may be attributed in part, to the fact that open
fissures in A10M presented greater obstacles to heat
flow than did the continuous but porous matrix
surrounding granules in AlOL. Both of these elements
operated at higher temperatures than A10K which
contained pellets with a uniform, dense
micros true ture•

The higher operating temperature and the
networks of porosity in granular fuel will both
contribute to higher fist ion gas releases to the free
volume within a fuel element. The results presented
here help to explain higher-than-expected gas releases
observed for an earlier series of in-reactor tests
(unpublished data) that used TI1O2-UO2 fuel fron a
production route which produced granular structures
similar to those of AlOL and AlOM. It Is expected
that ThO2~UO2 fuel with a uniformly dense
microstructure will exhibit gas releases more typical
of those expected.

SUMMARY

We have performed in-reactor measurements of
central operating temperature in three TI1O2-UO2
fuel types, at element linear powers up to 70 kW/m.
Our results are summarized as follows:

1. Central operating temperature in ThO2~UO2 is
affected by fuel microstructure.

2. Fuels with a granular microstrueture operated at
higher temperatures than fuel with a uniformly

micTOstxuctute, at Eatings above 30

3. It is possible for a granular TI1O2-UO2
microstructure to result In central operating
temperatures similar to chose predicted for UOj •.

4. To achieve the optimum performance of TI1O2-UO2
fuels , i t may be necessary to choose fabrication
routes which ensure uniformly dense pel let
microstruetures.
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OPERATING EXPERIENCE WITH NUCLEAR STEAM GENERATOR TUBES

O.S. TATONE

Atoinic Energy of Canada Limited - Research Company
Chalk River, Ontario

ABSTRACT

Annual surveys of steam generator tube experience
have been conauccea by distribution ox questionnaires
co utilities operating pressurized light and heavy
water reactors. By the end of 1982, approximately
30 000 tubes haa been plugged, mainly because of cor-
rosion. The proportion of reactors and of tubes
afiected annually have not changed drastically be-
cause as some failure mechanisms were overcome,
others emerged. In some plants the failure rate has
been sufficiently high chat large scale repairs or
steam generator replacement has been necessary. An-
alysis of the locations and mechanisms of tube fail-
ures and the operating histories indicates that reli-
able steam generator expedience is possible.

INTRODUCTION

Steam generators are used in nuclear power plants
cooled Dy pressurized light (PWR) or heavy water
(PHWR) to torm tne heat transfer interface between
ttie reactor cooling circuit and the secondary, steam-
raising circuit. Because of high flow, high tempera-
ture conditions and concentration of non-volatile
species in regions of low flow, the relatively thin-
walled steam generator tubes are prone to several
failure mechanisms-

Tube failures result in lost production, radiation
exposure to maintenance personnel and direct repair
costs. In certain severe cases, derating, large-
scale repairs or steam generator replacement has been
necessary.

Calori and co-workers have determined that between
1971 and 1982, almost 80 billion kilowatt-hours of
lost generation was attributed to steam generator re-
pair and inspection. Also, amongst pressurized water
reactors, steam generator problems were the leading
cause of unscheduled down-time during this
period(l).

THE SURVEY

Atomic Energy of Canada Limited has conducted
annual reviews of steam generator tube performance
tor the past twelve years. PWRs and PHWRs with more
than 100 effective full-power days (EFPD) of genera-
tion outside Eastern Bloc countries have been in-
cluded(2). The reviews were conducted by sending
questionnaires directly to the utilities involved and
supplementing these with information found in the
literature. The type of information requested is
shown in Figure 1. New plants were asked for basic
design data relevant to steam generator tube perfor-
mance as well as data on operating experience.
Plants that had been canvassed previously were asked
only for operating experience. The questionnaire is
brief and is designed to provide basic information
that can be used to obtain a general picture of
industry-wide experience.

DESIGN DATA

- STEAM GENERATORS - NUMBER. MANUFACTURER. TYPE.
SUPPORT PLATE TYPE AND MATERIAL

- TUBES - NUMBER, AREA. DIMENSIONS, MATERIAL

- CONDENSERS - TUBE MATEnlAL, LEAK DETECTION

- COOLING WATER - SALINITY, COMPOSITION

OPERATING EXPERIENCE

- NUMBER OF TUBES LEAKING, REMOVED. PLUGGED. SLEEVED

- LOCATION OF DEFECTS

- CAUSES OF DEFECTS

- METHODS AND EXTENT OF INSPECTION

- SECONDARY WATER CHEMISTRY CONTROL

- OPERATING SPECIFICATIONS

- TUBESHEET SLUDGE CHARACTERISTICS

- CONDENSER EXPERIENCE

FIGURE 1: STEAM GENERATOR QUESTIONNAIRE - TYPE
OF INFORMATION REQUESTED

'Response to the questionnaires has always exceeded
about 702, showing that there is considerable inter-
est among plant operators in preserving the integrity
of their steam generators.

TUBE EXPERIENCE

Overall experience i s shown la Figure 2 . The
upper curve shows that the percentage of reactors
a f f e c t e d during a given year has remained in a r e l a -
t i v e l y narrow band between 30% and 501 . The main
reason for t h i s i s that as tube degradation mechan-
isms are overcome, new mechanisms a r i s e . The lower
curve shows the percentage of tubes plugged. Since
1977, the curve has remained below O.bX per year . By
the end of 1982, approximately 22 of tubes in s e r v i c e
had been plugged.

The cumulative performance of steam generators to
the end. at 1982 l a swattactxesl i a the l o g - l o g p l o t of
failure incidence versus effective full-power days
(Figure 3 ) . Each point represents one reactor.
Points with arrows represent reactors that have not
experienced tube fai lures. The three diagonal lines
represent failure rates of 0.01, 0.1 and 1 percent
per effective full-power year (EFPY). Plants lying
below f'»0.01 have experienced highly reliable steam
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generator performance. In contrast, units with fail-
ure rates greater tlian 1%/EFPV may require forced de-
rating, large-scale sleeving or steam generator re-
placement well before Che end of their design lives.
The cive solid points indicate units that had re-
placed steam generators to 1982. They have since
been joined by two additional units.

FIGURE 2 : OVERALL STEAM GENERATOR TUBE
EXPERIENCE, 1972-1982

FAILURE LOCATIONS

L o c a t i o n s within the steam generator and the oper-
ative degradation mechanisms are illustrated In
Figure 4. Fretting has been observed at antl- vibra-
tion bars and in the preheater section of some de-
signs. Not shown in Figure 4 are locations of fa i l -
ures due to mechanical damage by foreign objects,
which usually occur above the tubesheec where such
objects are likely to col lect . Most other failures
are caused by corrosion from the primary or secondary
sides .

On the primary side, stress corrosion cracking
(SCC) occurs at regions of high residual stress such
as Che U-bend apex of inner-row tubes, the U-bend
tangent and the roll-transition joint within the
tubesheet. In the once-through steam generators at
Three Mile Island-1, SCC was caused by inadvertent
addition of thiosulphate to the primary c i r c u i c

Several corrosion mechanisms have been observed on
Che secondary side of steam generators in areas of
flow starvation. Wastage, or general corrosion of
the tube wall, has been experienced at the U-bend in
certain designs as well as within the sludge pile on
the tubesheet and on some tube support plates .
Stress corrosion cracking and intergranular actack
(SCC/IGA) have occurred within the tubesheet crevice,
in the sludge above the tubesheet and, more recently,
in the crevice formed by the tube and tube support
plate.

!02r

% OESIGN LIFE

1 2 5 10 20 SO 100

10 "

f = FAILURE RATE [% PER EFPYI
• = STEAM GENERATORS REPLACED
o = NO TUBE FAILURES °

10 2x10 5x10 102

EFFECTIVE FULL POWER DAYS

FIGURE 3: CUMULATIVE STEAM GENERATOR TUBE
EXPERIENCE.TO 1982

Denting, or tube constriction, has primarily
occurred at tube support plate holes. Fitting and
thinning have been observed on Che cold legs of cubes
In some reactors. Fitting occurred between support
plates, with the highest concentration of pics below
Che lowest support place. Thinning has not yet been
fully characcerlzed, but appears as large pics on the
Cube wall near support place intersections.

FAILURE MECHANISMS

In terms of absolute numbers, Figure 5 shows the
number of tubes plugged, to the end of 1982, where
Che failure mechanism was known. Dencing and wastage
were the leading causes of tube degradation, but note
the high proportion of defects caused by corrosion in
comparison with chose caused by other mechanisms. If
primary-aide scress corrosion cracking is also
ignored, ic can be seen chat approximately 802 of
Cube defeccs co-date have been caused by corrosion on
Che secondary side•



7.3

STRESS CORROSION CRACKING

TU« SUPPORTS
STRESS CORROSION CRACKING
iNTERGRANULAR ATTACK
DENTING
WASTAGE
THINNING

SIUOGE zone ABOVE TUBESHCET
WASTAGE
STRESS CORROSION CRACKING
INTERGRANULAR ATTACK

TU1EWCET CREVICE

STRESS CORROSION CRACKING
INTERGRANULAR ATTACK

FIGURE 4: LOCATIONS OF STEAM GENERATOR TUBE FAILURES

FAILURE MECHANISM

FIGURE 5: CUMULATIVE NUMBER OF TUBES PLUGGED,
BY MECHANISE

The historical trend of steam generator tube deg-
radation mechanisms is shown in Figure 6. Phosphate
wastage (1973-75) and dencirif ,..976-79) accounted for
most of the failures during the seventies. More re-
cently other degradation mechanisms have emerged.
The major ones are SCC from the primary side, SCC/IGA
from the secondary side, and pitting.

FIGURE 6: HISTORICAL TREto OF TUBE DEFECTS,
BY MECHANISM

Wastage was overcome by a widespread change it. the
secondary water treatment from addition of sodium
phosphate to volatile treatment. Those reactors that
remained on phosphate treatment have reduced the con-
centration to about 2 mg/kg and strictly control the
Na:P04 ratio. Even so, sotae wastage has continued
to occur.

Denting is caused by corrosion of the carbon steel
tube support under acidic conditions. It was a major
problem at plants with drilled hole support plates,
no condensate deaeratlon and significant chloride in-
leakage through the condensers. Methods for control
at new plants include more open tube supports made of
stainless steel and higher integrity condensers. In
existing plants, control is achieved by rigorously
maintained chloride levels (maximum 20 ug/kg in blow-
down), close oxygen control through installation of
deaerators and hydrazine addition, and retublng of
condensers with materials such as titanium at sea and
brackish water sites.

Potential remedies for pitting are similar to
those already implemented for denting with the addi-
tional criterion that copper ingress to the steam
generator be minimized. SCC/IGA occurs in the tube-
sheet crevice at plants that have a long tube-to-
tubesheet crevice. Various procedures have been
attempted to remove solids from the crevice or neu-
tralize their effect In existing reactors. The long-
term efficacy of these procedures has not yet been
proven. More recently, SCC/IGA has been observed in
the tube support plate annulus. In newer plants, the
tubesheet crevice is closed by rolling the tube near
the secondary tubesheet face or rolling for the full
leagch of OK Cabesheec. ffoce open Cube supports
would probably prevent SCC/IGA at the support plate
intersections.



7.4

Priniary-siae cracK-ing is a serious prouieni ac some
plants. Several reactors Have plugged all cubes in
the first tow where cne U-bena raaius is smallest in
an effort to forestall unscheduled shutdowns*
Methocs such as shoc-neenin& have been applied at the
roll transition region at some plants to inhibit
cracking by introduci .y corapressive stresses* New
plants nave heat-treated tubing which should not be
as susceptible as the mill-annealed material in
existing plants.

SECONDARY CHEMISTRY

The predominant mode of secondary water chemical
control is volatile treatment (65 plants), followed
by volatile treatment with condensate demineraliza-
tion (34 plants). Twelve reactors were on phosphate
treatment, but one converted to volatile treatment
during 1982.

The relationship between secondary-side chemistry
and corrosion is shown in Figure 7. During the past
tew years, reactors that have seen only volatile
chemistry have shown the lowest Incidence of tube
failures. Those on volatile treatment with conden-
sate uemineralization have also shown good perfor-
mance. Reactors on phosphate treatment and those
with a previous history of phosphate additions showed
a somewhat greater overall incidence of tube degrada-
tion. Some of the corrosion problems such as SCC/IGA
and wastage, could De attributed to residual phos-
phates or their reaction products in the sludge and
crevices. This emphasizes the importance of removing
sludge and deposits before changing chemistry. The
last three surveys indicate that volatile treatment
is preterrable to non-volatile treatment provided
that condenser and air leaks are minimized.

— — . ^ AVT-P04

STEAM GENERATOR TUBE MATERIALS

Table L l i s t s exper ience with steam genera to r tube
m a t e r i a l s * Alloy-600 i s the most widely used tube
m a t e r i a l (77*£ of the tubes in s e r v i c e ) , but a l s o aas
the h ighes t inc idence of tube d e g r a d a t i o n . The other
a l l o y s such as Monel-400 (117.), Alloy-80U (7J.) anu
s t a i n l e s s s t e e l (6%), al though l e s s widely used, have
accumulated favourable expe r i ence . Their performance
has been cons ide rab ly b e t t e r than tha t ui m i l l -
annealed Al loy-60u . For example, none of the a l t e r -
n a t i v e a l l o y s have shown p r imary- s ide SCC a f t e r more
than twelve years of opera t ion*

TABLE 1: EXPERIENCE WITH STEAM GENERATOR
TUBE MATERIALS

PERCENT WITH DEFECTS

TO 1980 1981 1982

2.1 0.38 0.25

0.06 0.17 0.04

0.2 0 0

0.85 0.012 0.02

1979 1980 1982

YEAR

MATERIAL

ALLOY-600

ALLOV-800

MONEL-400

STAINLESS STEEL

TUBE REPAIRS

The h i s to r i ca l method for dealing with tube deter-
iora t ion has been to plug the affected tubes with
mechanical, welded or explosive plugs* When tubes
are plugged, heat transfer area is lost and both the
rated capacity and the ab i l i t y to cool the core are
diminished in severe cases. Several repair methods
have been developed to restore degraded tubes to a
usable condition. For tubes with primary-side s t ress
corrosion cracking at the ro l l t ransi t ion j o i n t , ex-
plosive , hydraulic and mechanical re-expansion have
been used. For any degradation mechanism In the
s t ra igh t part of tubes where the tube i t se l f is not
d i s to r t ed , sleeves of new material can be inserted
and fixed in place on the primary s ide.

Sleeving has been performed at 14 reac to r s . At
four of these, the sleeving was performed on a large
scale (>2 000 tubes) while at the others , experimen-
ta l or small scale sleeving has been performed (<200
tubes) . By the end of 1983, over 16 000 tubes had
been sleeved. The technique is now highly automated
and is a credible short-term a l te rna t ive to steam
generator replacement, although the long-term re l i a -
b i l i t y of sleeved tubes has yet to be demonstrated.

Steam generators are normally designed with up to
202 excess capacity to allow for tube f a i lu res .
Higher than anticipated fai lure rates have caused
several plants to approach this l imi t . Table 2 shows
the approximate costs in lost generation, repair
costs and radiation exposure experienced at the seven
commercial plants that have replaced steam genera-
t o r s . These reactors were not old with respect to
their design l i ve s . Their age varied from 5.7 to
14.2 years since beginning of commercial operation
ana 3.6 to 11.6 effective full-power years (EFPY) of
commercial operation* Direct costs were approximate-
ly S800 million (current US dol la rs ) and lost produc-
tion was approximately 25 to 30 bi l l ion kilowatt-
hours.

FIGURE 7: TUBE PERFORMANCE VERSUS SECONDARY
WATER CHEMISTRY
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TABLE 2: COST OF STEAM GENERATOR REPLACEMENT TABLE 4: STEAM GENERATOK TUBE INSPECTION

REACTOR

SURRV-2

SURRV-1

TURKEY POINT-3

TURKEY POINT.4

0MH3HEIM

K M T (EACH 1

KWHUIM

OFFLINE
IYEARS1

16

0.7

0 1

07

03

04

1.0

MAX. LOST
PRODUCTION

IGWM

K41

7M3

HK9

4047

u»

U14

•132

OOSE
IMAM-RCMI

2140

1799

2192

1306

MO

590

7

COST
IMHJJON 1)

112 * RP

IW * 27ODP

20 + W • SO

94.9 f 3**r • W

114

RP - REPLACEMENT POWER
SG - STEAM GENERATORS
W - WESTINGNOUSE ELECTRIC CORPORATION

INSPECTION

A variety of techniques ace used to ensure the
s u i t a b i l i t y o£ steam generator tubes for continued
service . The methods and inspection patterns vary
according to regulatory requirements and past fai lure
history. Of 116 reactors surveyed for 1982, inspec-
tion data was available tor 83 (71.6Z). It can be
seen from Table 3 that multifrequency, automated
eddy-current testing i s the most widely used tech-
nique. Comprehensive baseline data i s routinely
practiced on new steam generators. Helium leak t e s t -
ing and eddy current profilometry have found rela-
t ive ly recent application in steam generator inspec-
t ion. Fibre optics and other visual methods are
applied on the secondary, as well as the primary
s ide , and are one of the chief methods for loose
parts searches of the secondary side of the tube-
sheet .

REGION INSPECTED PERCENT OF TUBES

1981 1982.

INLET TO LOWER SUPPORT 6 10.3

OUTLET TO LOWER SUPPORT 2 1.5

INLET TO UPPER SUPPORTS 3 2.2

OUTLET TO UPPER SUPPORTS 0.3 0.5

INLET THROUGH U-BEND 2 1.5

OUTLET THROUGH U-BEND 0.1 0.1

FULL LENGTH 6 9.5

TOTAL 19 26.1

CONDENSER PERFORMANCE

Since non-volatile species concentrate in steam
generators and lead to several forms of corrosion,
the integrity of condensers is very important to re-
l iable steam generator performance. At plants cooled
by fresh water, most condensers are Cubed with admir-
alcy brass (63%), although a substant ia l number use
s t a i n l e s s s t e e l (232) . Although not completely
t r o u b l e - f r e e , thess a l l o y s have been found to be ade-
quate. At sea water s i t e s , copper a l l o y s such as
aluminum brass and the cupronickels are being rapidly
overtaken by titanium (Figure 8 ) . Whereas in 1978
there were no titanium tubed condensers and the
majority of plants had aluminum brass tubes , by the
end of 1984, half the sea water condensers at PWRs
and PHWRs were of t i tanium. At brackish water s i t e s ,
a s imi lar trend i s emerging with 37% of reactors now
using titanium tubes. By the end of 1985, i t i s ex-
pected that at l e a s t 26 plants w i l l have retubea
the ir condensers with more l e a k - r e s i s t a n t mater ia l .

TABLE 3: STEAM GENERATOR TUBE INSPECTION METHODS

INSPECTION METHOD

COMPREHENSIVE BASELINE

AUTOMATED EDDY-CURRENT

MANUAL EDDY-CURRENT

UNKNOWN EDDY-CURRENT

HELIUM LEAK TESTING

HYOROSTATIC TESTING

ULTRASONIC TESTING

FIBRE-OPTICS

EDDY-CURRENT PRORLOMETRY

NUMBER OF REACTORS

2

53

3

11

3

2

4

2

S

A general summary of inspect ion during 1981 and
1982 shows the regions of the steam generators usual-
ly inspected (Table 4 ) . Fu l l - l ength inspect ion of
a l l tubes in service has been conducted in Japanese
plants cor several years and i t s use i s becoming more
popular in other countr i e s . During 1982 approximate-
ly lt>°. ot tubes in service (at 685. of the reactors in
serv ice ) were inspected to some degree.

FIGURE 8: TRENDS IN CONDENSER TUBE MATERIALS AT
SEA-WATER COOLED PLANTS
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CONCLUSIONS

Because of the high cos t ot outages as wel l as
d i recc repair c o s t s , steam generator tube performance
is of considerable interest to u t i l i t i e s operating
PWRs and PHWRs. The survey has shown that overall
failure rates have remained essential ly unchanged,
although some reactors have experienced very low
failure rates while others have experienced relative-
ly high failure rates. Most failures continue to be
caused by corrosion* Failures originating on the
secondary side tend to occur in areas of low flow
while those originating on the primary side occur at
regions of high residual stress and high
temperature.

Designs incorporating more open tube supports and
closed tubesheet crevices should experience fewer
failures from secondary-side corrosion. More corro-
sion resistant materials for tubing, supports and
condenser tubing should reduce the failure rate.
Volatile secondary chemistry with minimized levels of
oxygen and copper appears to be the best chemical
control method, with or without condensate demineral-
ization.
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VACUUM DRYING OF THE PICKERING A UNITS 1 AND 2

PRIMARY HEAT TRANSPORT SYSTEMS

P.J, ELLIS, T. LAU, AND D.G. i
Ontario Hydro

700 University Avenue
Toronto, Ontario

M5G LX6

ABSTRACT

The Primary Seat Transport Systems (PHTS) of
Pickering Units I and 2 were vacuum dried, after
draining, to reduce the tritium exposure to the
-revs re-cubing Chase units from residual water in
the pressure tube.

A vacuum drying system waa lesigned is a
temporary attachment to the lower portion of the
PHTS consisting, basically, of the system between
the headers. The lower portion of the PHTS was
isolated from the upper portion (which included the
boilers etc.) and connecting systems, via
approximately 100 valvea and some tube crimping.

With !ieat provided by the moderator, end shields
and feeder cabinet heating, the residual water in
the PHTS was boiled off under « vacuum of 6KPa(a),
provided by the vacuum pumps.

On unit 1, approximately 19 Mg of 17% isotopic
320 was recovered over a nine day period.
Approximately 13.3 Hg of 3% isotopic D2O was
recovered over Jix day3 on unit 2.

1. INTRODUCTION

The vacuum drying system wa3 designed to dry out
the residual water in the Pickering Units 1 and 2
?rimary Heat Transport Systems (PHTS) prior to
dis-a3serably of the end fittings and pressure
tubes. The objective was to recover the D20 and
thereby reduce the tritium exposure to the crews
re-tubing these units u d to prevent corrosion
during the re-tubing period.

After removal of the fuel and decontamination of
the PHTS, the 3ystem was drained of D20,
back-flu3hed with H20 and drained again. Some
water does not drain by gravity; such as in the
center of the sagged pressure tubes and In the
spaces between the end fittings and liner tubes.
Thi3 vater had to be removed by vacuum drying.

During re-tubing, the lower portions ot the PHTS
consisting of the pressure tubes, end fittings,
feeders and headers, are by design, open to the
ambient air of the fuelling machine vaults.. The
upper portion, consisting of the boilers, puaps,
etc, was Isolated, via valving, and protected from
corrosion by a nitrogen blanket. The required
dryness in the fuel channels was set at between 0°c
and +IO°C dew point -riUch correspond* to the
expected dew point in the reactor building and
fuelling machine vaults during the re-tubing.

2. DKYIHG CONCEPT

The lower portion of the PHTS can be described as
\ large closed vessel containing entrapped water.
The water can be removed by boiling and drawing off

the vapours. By maintaining a low pressure inside
the vessel the residual water will boil off at i
low temperature.

The establishment of a low pressure, and the
ability to remove the vapor i.3 achieved vith a
vacuum pump. A vacuum pump vith sufficient
capacity to evacuate one complete system volume in
a short time i3 utilized in order eo provide
efficient drying capability. The optimum moisture
removal rate can be achieved if sufficient leac
input is provided to generate vapor %t the highest
rate on the vacuum pump characteristic curve.

Sufficient heat energy must be supplied to the
system to at least sustain boiling. Sensible heat
is required to maintain the system temperature
against heat loss from the system to the
surrounding environment and latent heat is required
for vaporization. The heat sources available are
the moderator system pump heat and the end shield
cooling systarm pump heat. In addition, the air
inside of the feeder cabinet can be heated to heat
up the feeders, headers and exposed portion of the
end fittings.

If we assume that after the initial pump-out of
the air we are removing saturated watftr vapor ac
the prevailing pressure, the time required to
remove the estimated amount of water from the
system can be calculated as follows:

6 - M / m

where.

(1)

H » estimated mass of water to be removed ('<g>
m » water removal race (kg/hr)
t » time to dry-out (hr1

m - (Q/v) K 60

where.

(2)

volumetric vacuum pump flow (m3/min)
specific volume of saturated water vapour
V

Assuming a vacuum of okpa(a) is achieved, the
estimated tine to dry-out (assuming 19 Mg residual
water) using the above equations, is 6.6 days.

Since, in reality, the lower portion of tha PHTS
is isolated from the upper portion and auxiliary
system* by over 100 valves there is a potential for
significant in-leakage of air (and/or N2) into the
system. In this event the vacuum pump will be
pumping i water vapor/air nixture. If we assume
that the evacuated mixture i3 saturated at the dry
bulb temperature, the time to dry-out for this
case, can be estimated a* follows:
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Volume i f noist Ur -wH- unit <nas3 of .iry a ir .

V - Ra x T/(P-P.,J (3,

where,

V =1 volume of moi3t air par unit iiass of dry
air <m3/lcg)

Ra - gas constant tor dry air (237.1 J/kg-°K)
T - absolute temperature (°K)
P " total prassure ot mixture ('*Pa>
Pw - partial pressure of water vapor in moist

air (kPa)

Specific humidity,

w - 0.622Pw/(P-Pw) ( 4 )

where,

w s specific humidity (leg watar/lcg dry air)

equation (2) becomes;
n - (Q/V) x w x SO

maintain a low pressure, the partial pressure of
the water vapor is predominant Ln the air/vapor
mixture and the resulting noi3ture removal rate is
essentially the same as for pure saturated vapor.

Both of the above cases assume that the heat
transfer to the water is sufficient to maintain
boiling throughout the process and that the water
removal rate and pressure are constant throughout
the process. Therefor*, these ar« the theoretical
average noi3ture removal rates.

In the event that heat transfer is not sufficient
to maintain boiling, a contingency method of
moisture removal was included in the design. Hot
air can be injected directly into the PHTS at the
headers at one end of a loop and drawn off by the
vacuum pumps at the opposite header. The large
moisture capacity of the dry, warm air provides a
means, via forced convection, of drying the system.

3 .1

SYSTEM DESCRIPTION

Requirements

and,

m - n o J 5 x Pw / j

t - M x T/(130 x g x Pw> ( 6 )

Since the design and operation of this system is
tiw first of its kind for Ontario Hydro stations,
there are several requirements which are unique.
The following are examples:

If we assume that a vacuum of 6 fcPa(a) i s
achieved in this case then the estimated time to
dry-out is 3.6 day3 aa calculated praviously.
Since '.he vacuum pomp capacity i s sufficient Co

HOT AIR INJECTION
EQUIPMENT F3

(s)

• INSTRUMENT
AIR INJECTION

WEST
FEEDER
CABINET

The time alloted for vacuum drying was not
to exceed 14 daya. The drying process was
on the critical path for removal at the
pressure tubes.

iRYER

TANK

WATER COLLECTION

TO DRUMS

INSTRUMENT
AIR INJECTION

FEEDER CABINET
HEATING EQUIP.
F2

FEEDER CABINET
HEATING EQUIP.
F1

PRESSURE TUBE

END
FITTING

FIGURE 1 — SCHEMATIC OF VACUUM DRYING SYSTEM
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(b) The process nust achieve a dryness
of ^-10J;dew point, which must be verified.

(c) The equipment used for the system (vacuum
pumps, hot air infection equipment, etc.)
•tiust be Located in the boiler room and
installed during the PHTS drain/flush
operations.

3.2 Detailed Description

This section describes the original design of the
vacuum drying 3y3tam. During the actual process,
modifications Mere made to the design; these being
described in the following Section 4.

\ schematic of the system is shown in Figure 1.
Two vacuum pumps, each with a rated capacity of 960
L/s (inlet), were provided to dry the north and
south loops of the PHTS respectively. The vacuum
pumps were previously used in the condenser air
extraction sy3tem for approximately 14 years.

With a system volume of approximately 74 ra^ to be
iried, one vacuum pump should be capable of
evacuating one entire volume in 1.3 minutes.
Actual experience oa unit 1 showed that at the
start of drying (no feeder cabinet heating), with
one vacuum pump operating, the pressure at the pump
suction reached 6kPa{a) in approximately 3
tiinutes. Thi3 means that either the estimate of
sy3tem volume is in error, air in-leakage to the
system occurred, and/or the pump capacity has
deteriorated with time, since these were old pumps.

Four inch diameter vacuum hose wa3 used to
connect the four headers per loop to the suction
side of the vacuum pumps via a 10-inch diameter
inlet manifold. The inlet manifold also contained
pressure, temperature and dew point
instrumentation. The vacuum pump discharge lines
were ducted to the boiler room dryer.

Feeder cabinet heating units were provided for
each feeder cabinet. Each unit consisted of a 1416
L/3 axial vane fan and two 54 kw olactric heaters.
Interconnecting ductwork and dampers supplied the
heated air (120°C max.) to blanking plates, with
collars, in the feeder cabinet doors. The two
lower door blanking plates were used for inlets
while the two upper door blanking plates were vised
a3 outlets.

Thermocouples were installed on selected feeders
for monitoring pipe metal temperature. The
locations were selected on the basis of:
(a) Confirming that the temperature near the
coldest end fittings was sufficient for drying
!>+40 " a 6kPa(a)>. These ara the channels near the
bottom which have the poorest air circulation.
(b) Ensuring that the feeder temperatures were low
enough to avoid high stress (100 to 12O°C) due to
temperature gradients. The feeders towards the top
of the core are the hottest.

Hot air injection unit3 were provided as a
contingency to inject preheated air (104°C)
directly Into the reactor outlet headers of each
loop. Diring operation the vacuum pumps are
intended to draw the hot air through the channels
and out the reactor inlet header. Sach unit
consisted of i horizontal centrifugal fan with a
capacity of 472 L/s and in immersion type 50 kW
heater.

4. SYSTEM PERFORMANCE

The following sections describe the actual
operation and performance of the vacuum dryiT?
system on units 1 and 2. 'Jnit I is described in
detail while only the specific diffarences ara
described for unit 2. Since the drying operations
of the two units followed in series, the lessons
learned during the unit L drying were incorporated
for drying unit 2.

4.1 Unit 1 (September 14 to 23, 1984)

On this unit, the PHTS was drained of D2O and H?1'
with the shield plugs in place. This resulted in
significantly more water remaining in the system
than originally envisaged (19 Mg vs. 7 Hg).

Although it was intended to run both vacuum pumps
(one per PHT loop), seal water circulation proolems
in the south pump resulted in it being shut lown
during nost of the drying process. Tiirougnout the
process, the pressure at the suction 3ide of -he
north vacuum pump held at approximately 6 '<Pa(a)
and readings of the thermocouples measuring LT trw
feeder cabinet ranged from 40°C near the bottom of
the reactor face to 90°c near the top. The feeder
cabinet heat-up time was slow, taking approximate!/
5 days to reach a steady temperature. The
moderator temperature was maintained at about SOaC
by the pump heat from three running moderator
pumps. Since the boiling point of D2O at 6 kPi(a)
is 39°c, it was concluded that the residual water
was boiling inside the end fittings and pressure
tubes. Figure 2 shows the relevant temperatures
and pressures typical for the unit L irying.

The water recovery curve i3 shown in Figure 3.
The recovery rate over the first few -Jays was very
high at 3700 Kg/day of 17.3% equivalent isotopL-
020. The recovery rate decreased gradually to
about 18 kg/day near the end. The actual total
water collection rates were tnuch Higher 3inca watar
was al3o being collected from the vacuum pump seal
water reservoir as described below.

Early in the recovery process it vas observed
that water was collecting in the discharge duct
between the vacuum pump and the dryer. It rfas
determined that the pump effluent passed through
the seal water reservoir and condensed out. \t the
same time the seal water reservoir overflow line

Vacuum
Pump

Pressure Tub'

Residual Water.

Feeder
Cabinets

Jn—•Hot Air
I Out

idria Tube

•Annulus(N2)

Air

FIGURE 2
TYPICAL CONDITIONS DURING UNIT#1 DRYING
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4 . 2 Unit: 2 (November 23 zo 29, 1984)

COLLECTION TIME (DAYS)

FIGURE 3

Unit 1 PHT Water Collection
(1 vacuum uump operating)

« s not draining properly (valve problems,
connection problems, restriction etc.) causing the
water to overflow into the discharge duct. A water
separator was added to the duct with a drain to the
building liquid recovery system where the water was
drummed. Some water was still collecting in a low
point between the wates separator and the dryer.
Periodically the watar was manually drained back
into the water separator.

Throughout the water recovery process the dew
point indicator it the suction side of the vacuum
pump was reading off-scale high (+60°C). Near the
end of the drying the dew point dropped to +28°C
jnd tHe pressure dropped to 3 kPa(a). The dry bulb
temperature was +23°C. Soar the end of drying the
south vacuum pump was 3tarte<J and its dew point
indicator read +30°C with a pressure of 3 HPa(a).
with an extremely small collection rate (about
50Kg/day), it was concluded that the system was
almost dry. The small coLlaction rate at this
stage w»3 probably from the seal water reservoir aa
it was gradually diluted by make-up seal water.

In order to remove any remaining water vapor from
the PHTS, high pressure instrument air with a -60°C
dew point was injected into tha PHT system and
simultaneously drawn off by the vacuum punps. The
system pressure stabilized at a pressure of
21 *Pa(a) as the dew point fell continuously. With
a north loop dew point of -20°C (off-scale low)
and a south loop dew point of -4°C, the vacuum
drying process was terminated. A total of 19 Mg of
water containing 17% D2Q, had been recovered over
nine days.

In ordar to aontirm W*»t tits PHP sraeam vss dry,
the west closure plug of a fuel channel in a
relatively cold location (W15 near the bottom) was
removed. The d«w point inside the end fitting was
measured as -2°C with a corresponding dew point in
the fuelling machine vault of +3°C. This confirmed
that the required dryness had been achieved.

On chis jnit the shield plugs were removed Cor
the D2O drain and in place for the H2O drain. The
result wag that the isotopic of the residual water
was reduced from 17% on unit L to 3% on jnit 2. In
addition, because of improved drainage techniques,
the estimated amount of water remaining on unit 2
was between 11 and 19 Mg.

Modifications made to the unit 2 vacuum drying
system, based on the unit 1 experience, are as
follows:

(a) Ducting was added inside the feeder
cabinets to direct the inlet air from the
lower feeder cabinet doors towards the
lower central channels. The duct air
inlet locations on unit I resulted in nost
of the hot air by-passing these feeders.
With the new arrangement, the heat-up time
was reduced and temperature distribution
improved.

(b) A second water separator was idded ta
avoid water collection in the vacuum pump
discharge ducting.

(c) Both vacuum pumps operated throughout the
drying process.

The relevant temperatures and pressures were
similar on unit 2 to unit I.

Figure 4 shows the unit 2 water recovery curve.
The maximum water recovery rate, over the first few
days, was 5600 Kg/day of s% equivalent isotopic D2O
which was about 51% greater than unit 1. This rate
decreased gradually over the next several days.

When the water recovery rate became low and the
dew point indicators came on scale (+59°C), dry
instrument air wa3 added as was done on anit 1.
With the south loop dew point off-scale low at
-20°C and the north loop dew point at +10°C, the

201

COLLECTION TIME (DAYS)
FIGURE 4

Unit2PHT Water Collection
(2 Vacuum pumps operating
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vacuum drying process was terminated. Iri order co
confirm that", the required iryness was ichi-aved, a
dew point reading was taken at trie inlet manifold
of the north pump with a 50% instrument air purge
flowing through the system. \ reading of -8°C dew
point was obtained.

H total of 13.3 Mg of
recovered over six days.

3% isotopic D2O was

5. DISCUSSION IMP CONCLUSIONS

(a) Since a vacuum of 6 kPa(a) was achieved at
the beginning and maintained throughout the
drying process of both units, it can be
assumed that the amount of air ingress was
small relative to the vacuum pump rated
capacity (960 L/s (inlet) each).

(b) Theoretically, one vacuum pump can remove
19 Mg of water in S.S days. Figures 3 and
4 show that the theoretical collection
rates agree with the actual collection
rates during the periods of maximum
collection on units 1 and 2 respectively.
Towards the end of the process the actual
collection rates gradually capered off.
This indicates that the heat transfer from
the moderator, end shield cooling and
feeder cabinet heat sources was less than
ideal for some channels a3 the drying end
point was reached. In addition, it is
likely that the small collection rate near

tie end came from the seal water reservoir
is the residual D2O was gradually diluted
by ,-nake-up seal water. On both units tne
goal of drying out the system in less than
L4 days was acnieved.

(cl Because of (a) and (b) above, the
contingency hot air injection system was
not required.

(d) The dew point probe, located at the
suction side of the vacuum pumps, remained
off-scale at +60°C until towards the end
of the drying process. This is expected
since condensation occurs in the
relatively cool suction mainfold during
high Tioisture removal rates from the hot
core.
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THE EFFECT OF THE CAH-DECON DECONTAMINATION PROCESS(l) ON THE SURFACE OXIDES
ON PICKERING UNITS 1 4 2 FEEDER PIPES

V.S. CHEW AND F.R. GREENING

Ontario Hydro, Research Division
800 Kipling Avenue
Toronto, Ontario
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ABSTRACT

The oxides on sections of feeder pipes from
Pickering Units 1 and 2 were examined. The reactor
inlet feeder oxide was found to be thicker than the
outlet feeder oxide, indicating that most of the
oxide on the inlet feeders is formed by
precipitation of iron from saturated solution. The
amount of oxide on the Unit 2 feeders decreased by a
factor of about 2 after each CAN-DECON process.
Depth-profiles of trace elements and radioisotopes
of the oxide on Unit 2 inlet feeders show that
cobalt, nickel and zinc are generally highest at the
oxide/metal inferface. In addition, the CAH-DECON
reagent seems to remove oxide from the
oxide/solution interface rather than the oxide/base
metal interface.

INTRODUCTION

Metal surfaces exposed to the primary heat
transport (PHT) water of an operating CANDU reactor
accumulate radioactivity due to the release from
core and the subsequent out-of-core deposition of
fission and activated corrosion products. The
deposition of radionuclides occurs concurrently with
the formation of oxide on the PHT boundary materials
such as carbon and stainless 3teels, Zircaloy and
Monel.

After a pressure tube failure in Pickering Unit 2
in August 1983, the decision was made to replace all
of the pressure tubes in both Pickering Unit 1 and
Unit 2 (PI and P2). To facilitate work activities
around the reactor faces, both PHT systems were
decontaminated using the dilute CAH-DECON chemical
process (2).

Several sections of reactor inlet and outlet
feeder pipes from Units 1 and 2 were removed before
and/or after the CAH-DECON's in 198U (see Table 1)
and were examined in detail. The principal
objectives of the study were to assist in
decontamination planning by (i) obtaining a good
estimate of the quantity of oxide to be removed from
the feeder surfaces and Its radioisotope content,
and (ii) predicting the oxide's likely dissolution
behaviour by determining its chemical composition
and morphology. The techniques used in the
characterization were optical microscopy, scanning
electron microscopy, gamma spectrometry, atomic
absorption spectrophotometry and Auger mieroanalysis
with argon-ion sputtering.

TABLE 1

THE REMOVAL DATES OF PICKERING FEEDER SECTIONS

REACTOR P 1 P 1 P 2 P 2 P 2 P 2

CHANHEL V6 V6 V1T V6 V6 V1T
Inlet Outlet Inlet Inlet Outlet Outlet

REMOVAL Before Before Before After After After
DATE May May Jan. Jan. Jan. April

198U 198U 198U 198U 1984 1984
CAN- CAN- CAN- CAN- CAN- CAN-
DECON DECON DECON DECON DECON DECOPT

OXIDE THICKNESS

The specimens were first ultrasonically cleaned
for ten minutes in water to remove the loose oxide.
The particulates removed from inlet feeders were
black, but those from outlet feeders were brown.
Magnetite was the only crystalline species in the
particulates detectable by X-ray diffraction. The
specimens were then descaled in inhibited
hydrochloric acid to determine the fixed oxide
thickness. The oxide on the reactor inlet feeder
specimens was found to be much thicker than that on
the outlet feeder specimens (Table 2). The
magnetite solubility-temperature gradient under heat
transport system conditions is positive (31,
indicating that the thicker magnetite on the reactor
inlet feeders is due to precipitation from saturated
solution.

RADIONUCLIDE CONCENTRATIONS

Radioisotope concentrations on the feeder
specimens were determined by gamma spectrometry.
Variations in radiation field or cobalt-60
concentration along the feeder pipes by as much as
factor of two over 30 cm were observed.

The cobalt-60 concentrations in the Unit 1 oxides
were found to be significantly lower than in the
Unit 2 oxides. Also, the cobalt-60 concentrations
in the Unit 1 outlet feeder loose and fixed oxide
were about 10 times lower than for the Inlet feeder.

For Unit 2 feeders, the cobalt-60 concentration
in the loose oxide on the outlet feeder was higher
after the April CAN-DECON suggesting that material
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TABLE 2

OXIDE THICKNESS AMD Co-60 SPECIFIC ACTIVITY

P 2 P 2REACTOR

CHANNEL

LOOSE OXIDE
(g/m2)

FIXED OXIDE
(g/m2)

Co-60
SURFACE
ACTIVITY^
(mCi/m2)

Co-60 IN
LOOSE OXIDE
(Ci/kg)

Co-60 IN
FIXED OXIDE
(Ci/kg)

P 1

V6
Inlet

9.U

21*5

1U

.055 .

.053 .

P 1

V6
Outlet

1.6

11

.050

0042

0039

P 2

V17
Inle

U.5

385

77

.28

.20

12 6.1

215 28

37 5.7

P 2

V17
utlet

3.6

15

4.5

.19 .26 .63

.16 .16 .16

The activities are decay-corrected to November
Ik, 1983 and August 1, 1983 for the Units 1 and
2 specimens, respectively

with a high cobalt-60 specific activity was released
from the reactor core during the decontamination and
deposited from solution or suspension on the outlet
feeder surfaces. Nevertheless, the overall eobalt-
60 specific surface activity on the outlet feeder
was lower after the decontamination.

DEPTH PROFILING

Very thin layers (about 5 m ) of oxide on the
ultrasonically cleaned specimens were removed by
abrasion or ion sputtering. The material removed
from or remaining on the specimens was analyzed by
gamma spectrometry and atomic absorption
spectrophotometry. In thi3 way, depth profiles of
up to seven elements and fourteen radioelements in
the oxide were determined.

A selection of radionuclide "tepth-profiles for
the Unit 2 inlet feeders before and after the
January 1984 decontamination are plotted in Figures
1 to 3. (All data are back-dated to the August 1,
1983 shutdown for the purpose of comparison.)

It was found that for these
radionuclides fall into three groups:

oxides the

i Radior.uclides that are surface enriched and
whose specific activities decrease
as the oxide/base metal interface is
approached, eg Nb-95, Ru-106 and Ce-144
(Figure 1).

ii Radionuclides that are distributed
essentially uniformly in the oxide; only Sb-
124 and Sb-125 fall into this group (Figure
2).

0*idt ThicMntss \.a\

FIGURE 1

EFFECT OF THE JANUARY 1984 DECONTAMINATION ON
THE PICKERING 2 INLET FEEDER OXIDE SCALE -

Sb-95, Ru-106 AND Ce-l44 DATA

40
Thickness t

FIGURE 2

EFFECT OF THE JANUARY 1984 DECONTAMINATION ON
THE PICKERING 2 INLET FEEDER OXIDE SCALE -

Mn-5U, Sb-125 AND Am-241 DATA

lii Radionuclides that are surface depleted and
whose specific activities are at a maximum
close to the oxide/base metal interface eg
Mn-54, Co-60 and Am-24l (Figures 3 and 3).

The decontamination factor for Co-60 estimated
from the areas under the depth profiles in Figure 3
waa about two. This is in good agreement with the
value reported in Table 2. Results shown in Figures
1 to 3 £lso suggest that the January 1984
decontamination removed oxide at the oxide/solution
interface and left the oxide at the oxide/baae metal
interface essentially undisturbed.
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TABLE 3

ELEMENTAL DEPTH-PROFILING DATA FROM THE ABRASION
OF THE PICKERING 2 V17 INLET FEEDER OXIDE

TOTAL
OXIDE
REMOVED ELEMENTAL CONCENTRATION (g/kg)
<ng/cm

2) Ca Cr Mn Co Mi Cu

1*.8
9.0
1U.8
19.0
28.2
33.8
35.1
37.9

7.1. .71* 3.88 .lU
2.9
1.6
.5
.It

.55

.50

.1*5

.52

.1*7

.1.1

.60

i t . 1 1
U.16
I1.83

5I50
6.U7
5.81*

.18

.28

.29

.32

.38

.32

.20

.90 .1.9
3.00
5.UU
7.79
8.92

11*. 63
22.81
15.1(9

30 «0
O i l * Thlclo

50 60
(„•)

.31*

.31*

.33

.36

.1*3

.1*6

.51

Metal
.06 .98 5.32 .lit .39 .1*9

Zn

• 20
.30
.36
.37
.1*9
.SA
.58
.25

.02

FIGURE 3

EFFECT OF THE JANUARY 198U DECONTAMINATION ON
THE PICKERING 2 INLET FEEDER OXIDE SCALE -

Co-60 DATA

The elemental depth-profiles of the Unit 2 V17
inlet feeder vere obtained by atomic absorption
analysis of abraded oxide samples and are tabulated
in Table 3. As with the radionuclides, the inactive
elements may be classified according to the nature
of their concentration profiles:

Elements
calcium.

that are surface enriched, eg

ii Elements that are distributed essentially
uniformly in the oxide scale, eg chromium and
copper.

iii Elements that are depleted on the surface of
the oxide and are enriched close to the
oxide/base metal interface, eg cobalt, nickel
and zinc.

It is of interest to speculate whether the
enrichment of an element at the oxide/base metal
interface is due to diffusion of the element out of
the base metal or to diffusion of the element from
solution into the oxide. The comparison of the
concentration of an element in the oxide with its
concentration in the base metal (Table 3) show that
while outward diffusion of manganese can explain the
slight enrichment of this element at the oxide/base
metal interface, the same cannot be said for nickel
and zinc which are about 50 times higher than in the
base metal. In the case of the radionuclides in the
oxide scale, only inward diffusion can be invoked to
explain the observed depth-profiles. Short-lived
radionuclides may decay more rapidly than their rate
of passage through the outer oxide, resulting in low
concentrations in the inner layers of the oxide
film.

Furthermore, cobalt, nickel and zinc are known to
form very stable ferrites (1*), thus providing a sink
for the Inward diffusing species and maintaining a

concentration gradient for the continuous transport
of the diffusing species. The formation of
thermodynamically stable ferrites at the oxide/base
metal interface is very important in chemical
decontaminations because this 10 urn inner layer on
inlet feeders which is enriched in cobalt-60 and
other relatively long-lived radionuclides ieg
manganese-?!* and zinc-65) can be very slow to
dissolve.

CONCLUSIONS

1 Most of the oxide on the reactor inlet feeders
is formed by precipitation of iron from
saturated solution.

2 Concentrations of trace elements and
radioisotopes vary by as much as a factor of 25
through the oxide on the inlet feeders.
Concentrations of cobalt, nickel and zinc are
generally highest at the oxide/metal inferface
whereas concentrations of short-lived
radionuclides are highest at the oxide/solution
interface. The CAH-DECON reagent seems to
remove oxide from the oxide/solution interface
rather than the oxide/base metal interface.

3 The overall activity of cobalt-60 on the
Pickering 2 feeder sections decreased after
each decontamination in 1961t. However, some
deposition or precipitation of high specific
activity material, probably from the reactor
core, onto the outlet feeders was observed
after the April I98U decontamination.
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ANMULOS GAS SYSTEM FLOW TESTS
EXPERIMENT AMD AMAT.rSIS

P.J. ELLIS*, D.G. MERANDA*, J.M. KENCHINGTON*,
C.H. CHBH** AND V.P. SINGH**
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700 tjniversi*:, Avenue
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ABSTRACT

Four, eleven and twelve-channel strings from the
Annulus Gas System (AGS) of Bruce Unit a were
selected to measure hydraulic and nixing
parameters. Carbon dioxide (CO2) gas was used at
different flow rates to cover the laminar and
turbulent flow reqimes. Methane (CH4) was used as
a tracer gas to simulate a water leak into the AGS
in order to measure system response and circuit
time.

The results of the test agree with the predicted
pressure drops. The circuit time varied with the
number of channels in the string. With a flow of
8.9 L/min. the circuit time was IS minutes for a
string of four-channe Is and 50 minutes for a string
of 12 channels.

2. EXPBRIMEMTAL DESIGN

1. INTRODUCTION

In recent year3 the AGS in Ontario Hydro CANDU
reactors have been or are in the process of being
upgraded. The engineered modifications will
improve the leak detection capabilities of the
AGS. The timely detection of a leak and the
subsequent operator action, based on dew point
information, i3 part of the operating procedures.
It is intended to prevent a crack originating in
the rolled joint from reaching the critical size
before the reactor is shut down and depressurized,
thus avoiding the consequences of a large pressure
tube leak.

The AGS consists mainly of a recirculating CO 2

gas, the dew poir*t of which is constantly
•nonitored. The gas circulates from the compressor
through the inlet headers into 43 strings of
reactor channels, into the outlet headers and
compressor return line where the dew point meter 13
located.

The temperature of the gas varies as it flows
from the compressor room into the reactor vault,
through the channel annuli and back. The variation
in temperature is important, since it determines
the limitation of the dew point to distinguish
between leak rates, with the present design, the
dew point meter can distinguish leak rates up to 45
g/h. At higher leak rates the vapours will
condense in the low temperature regions.

The dew point response of the system is a
function of the geometry and the thermalhydraulics
of the AGS. The calculations that model the AGS
are subject to assumptions. The present work is a
part of a larger program dedicated to verify these
assumptions and the model used in simulating the
operation and dew point meter response to leaks in
the AGS (Raf. I ) .

The test3 were performed at Bruce Unit 9. The
results of the tests provided basic hydraulic
information at constant temperature ind the system
response to a simulated pressure tube leak.

The thermalhydraulic characteristics of strings
of annuli involving both dry and wet C 0 2 flow are
complex. The flow conditions in the Annulus Gas
System vary from turbulent to laminar in various
portion* of the system. The geometry is complex
and there are temperature gradients within the
annuli. All this makes modelling of a string of
channels in the AGS difficult.

A series of tests was designed to verify some
aspects of the current analytical model which has
been applied to all Ontario Hydro Annulus Gas
Systems.

To establish the pressure drop v<* flow rate
relationship for CO2 through a string of channels,
a reactor unit under construction/commissioning was
selected (Bruce Unit 8 ) . This allowed full access
to the reactor face. The specific strings of
channels selected included a 4-channel string
(shortest) and a 12-channel string ,longest). In
addition, an 11-channel string was selected to
observe the effects of one channel (11 vs 12) on
the characteristics and since it represents the
longest string on Bruce A Units 1 and 2 and
Pickering B.

A range of test flows was selected to encompass
the complete range of flow regimes from laminar to
turbulent in the 1/4-in (6.35 mm) and 3/8-in
(9.53 mo) tubing since these sections contribute
most to the hydraulic resistance.

TO investigate the transport characteristics for
a D2O vapour leak into the CO2 carrier gas, a
tracer gas, methane (CH4), was selected with
concentrations equivalent to the D2O/CO2
concentration range of interest.

In the design of the tracer tests it v»a3 intended
to encompass the range of leak rate3 and hence
moisture concentrations which might occur in a
station AGS corresponding to the required response
spectrum of the dew point monitor. The choice of
tracer itself was based on a gas or vapour with a
comparable density, viscosity and diffusivity to
that of heavy water vapours. Methane (CH4) was
selected as the tracer gas since it is also stable
and does not react with CO2. Furthermore, the
concentration of CH 4 in CO 2 can easily be
determined continuously by a. portable infra-re<i
analyzer 3uch as the MI RAN 1A gas analyzer. The
maximum CH4 concentration in CO2 that can be
determined without exceeding the absorbence scale
of the MIRAN 1A analyzer is about 10 000 pL/L. The
sensitivity of the instrument is ±2 pL/L at low
concentrations ( <30 ut/L) and ±95 UL/L at 9 000
uL/L (or ±2.5 to 1.2%). This sensitivity is
sufficient for the requirements of this study.

Ontario Hydro - Nuclear Systems Department
Ontario Hydro - chemical Research Department
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TABLE 1
Test Matrix

TEST
NO.

2

3

4

5

6
7

NO. OF
CHANNELS
IN STRING

4

4

12

12

12

12

11

11

COj FLOW
THROUGH STRING
rtiL/s (U/n>)

150 iB.Ol

25 (LSI

150 190]

150 (9.01

150 (9.01

25 (<.5I

25 (1.5)

150 I0.O

TRACER
TEST

N

*!

\

Ces

res

res

res

m

'm

No

No

CH4 CONC.
lDPmv)

15.000

90X100

15.000

15.000

90.000

90.000

-

-

EQUIV.
DjO LEAK

(gffll

7.5

7.5

7.5

7.5

40

7.5

Note that the test stream was diluted at the exit
from the channel string to produce 3. concentration
within the scale range of the MIRAN analyzer and to
reduce the response time of the inst.rument •

As a bacfc-up, a mass spectrometer was also "used
downstream of the MIRAN analyzer. The mass
spectrometer was calibrated by monitoring methane
at nass L5; the response •••'as found to be linear.

The test matrix is shown in Table 1. Tests 1
tirough i include tracer tests lor 4 ana XZ-channel
strings to cover the typical range of string
Lengths for all stations.

Tracer concentrations of 15 000 and 90 900 a L/L
were selected as representing a wide span of
simulated leak r*te3 corresponding to 7.5 q/h and
40 g/h respectively. At the station, it is
necessary to monitor Leak rates up to 55 g/h, but
there are experimental problems in -nonitorinq
higher tracer concentrations than 30 000 uL/L.
However, it was considered t'laf. ihe mechanism of
mixing and transferring tho tracer through tne
channel string would not significantly change at
higher tracer concentrations.

3. EQUIPMENT MtD PROCEDURE

A schematic diagram of the equipment ased in this
study is shown in Figure 1. The etjuipment can be
classified into three systems: gas addition and
dilution; pressure measurement; and gas analysis.

3.1 Ga3 Addition and Dilution System

All gases ased were supplied by qas cylinders
with the pressure being regulated by pressure
regulators. Sas flow rates were controlled by iiass
flow controllers calibrated for the appropriate
gase3. CO2 was passed through the inlet tubing of
the selected strings of annulus gas channels.
During the tracer gas teses, CH4 was added to the
CO2 at the inlet of Che appropriate annul as
string. C02 was also added during the3e tracer

Mass Flow Controllers

CH4 Bortle

CO; Bottle

CO2

Bottle

Low & High
Range Pressure
Transducers

To Channel String

4 — From Channel String

Mass Spectrometer
and Data Acquisition
System

To Vent
Or Dry Test

Meter

FIGURE 1
SCHEMATIC DIAGRAM OF TEST SET-UP
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tests to the gas scream at the outlet of the
string. This diluted the tracer gas concentration
for the reasons given.

3.2 Pressure measurement System

The pressure drops Across in ll-channel string
were measured at various co2 flow rates. For eacn
measurement, the flow rate was maintained at »
constant value until a constant pressure drop -<as
reached.

Tva pcaaaucs transducers, trite fac
differential pressure and one for low differential
pressure were used to measure the pressure drop
over the string of channels. Pressure taps were
installed at the inlet and outlet of the annulus
gas strings so that any pair of tappings eould be
connected to either transducer. The output of the
transducers was shown on a display and recorded
continuously by a chart recorder.

3.3 Sa3 Analysis System

For all tracer gas tssts except test 5, the total
flow from the Annulus Gas System was diluted with
00 2 before entering the MIRAN infra-red analyzer.
In test 5, only 2 L/min of the gas was sampled,
diluted with 18 L/min of C0 2 and analyzed by the
MIRAN analyzer. The analyzer was calibrated for
H4 in C02 in the laboratory and at Bruce B. The

output of
recorders.

the analyzer was recorded by two

a na3s spectrometer (VG Qas Analysis Ltd.,
Spectralab SX200), was also used. Gas samples were
taken downstream of the MIRAN analyzer except for
te3t 5 in which direct sampling of the annulus exit
gas was carried out. Data were recorded on
magnetic discs and by a printer.

3.4 Test Procedure

The gas supply line wag connected to the annulus
gas tubing of a 4-channel string during tests 1 and
2, a 12-cnannel string during tests 3, 4, 5 and 6
and an 11-channel string during test 7. The
experimental procedure for the tracer gas test3
(tasts 1-6) wa3 as follows:

(a) The string of channels was purged with C0 2

it 12 L/mLa uaeil cha co 2 aoaaaaeeatiaa
monitored by the mass spectrometer was
>99» C02. If the string was purged in the
previous test, this step was omitted.

(b) The flow ratss of C0 2 and CH4 were
adjusted to the desired values for the
test. The CH4 concentration in the C0 2 at
the outlet of the string was monitored
continuously until it reached the inlet
CH4 concentration.

(c) For all tests except test 2, the CH4

concentration decay was al3O monitored
after shutting off the CH4 flow (but
maintaining the total flow rate).
Monitoring was continued until CH4 was
completely purged from the string. This
simulated the purging procedure for the
AGS and provided extra data for the
analytical model verification.

(d) The pressure drop across the string of
channels during initial purging, tracer
injection and Sinai purging was monitored
continuously.

4. RESULTS

4.1 Tracer Gas Test Data

During initial purging of the channels *ith C02,
the C0 2 concentration a.t the outlet of the string
was monitored by the ma&s spectrometer and the data
was printed. About 45 minutes were required to
purge the 12-cHannel string to reach >99% C0 2

concentration. Similarly, for the 4-channel string
(test 1), the corresponding time was 21.5 minutes.

Throughout the testing period, the CH4
concentration in the outlet CO2 gas stream was
monitored continuously after dilution with CO?.
The total sample rate through the MIRAN analyzer-
was 15 to 20 t,/min. For this sample rate, the time
required to purge one volume of the MIRAN cell
(5.5 L) was 0.28 to 0.37 minutes, thus, the
response time was relatively short. The CH4

concentration was also measured by the mass
spectrometer downstream of the MIRAN analyzer for
te3ts 1, 2, 3 and 5. Figure 2 shows the results
obtained by U3ing the MIRAN analyzer for test 3 is
an example. The circuit time is defined as the
time to reach a 3teady~state concentration at the
outlat. The circuit tin* varied with the number of
channels in the string, with a flow of 3.9 L/min.,
the circuit time was 13 minutes for a string of
four channels and 50 minutes for a string of
12 channels. The results obtained by the MIRAN
analyzer and the <nas3 spectrometer rfere in very
close agreement for all the tests.

0.91

I «
g
£ o:,
2

0.6

I
J" 0.4

0.3

0.2!

0.1

c/c,n

40 SO

TIME(MIN.)-

FKSURE2
CH4 CONCENTRATION AS A FUNCTION OF TIME FOR TEST 3

(MIRAN ANALYZER DATA)
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4.2 Pressure Drop Data

Pressure drop data were collected during the
tracer ga3 tests on the 4-channel 3tring and the
12-channel string. A aeries of pressure drop tests
was also carried out ort the ll-channel string by
decreasing the C 0 2 flaJ rates £rom 12 L/min to
1.5 V m i n »nd then increasing to 4.3 L/min. The
data are shown in Figures 4 and 5.

5.0

5.1

HYDRAULIC

Theoretical Prediction
of Flow vi Pressure Drop

The flow regime in tho Annulua Gas System varies
tnroughout th« system from turbulent to laminar.
Primarily, the external piping circuit and small
diameter tubing tia3 turbulent flow while the flow
within individual channel annuli is laminar.
Increasing the nominal circuit flow 3hifts the
laminar/turbulent transition region to different
portions of the system. The following summarizes
the equations used for each flow condition.

(a) Laminar Flow (R« < 2000)

For laminar flow in circular tubes and pipes the
Hagen-Poi3euille equation was used. This aasuiua a
fully developed velocity profile in a straight pipe.

AP
128ULQ (1)

where,
Q
u
flp
L
D

flowrate (m3/s)
dynamic: viscosity
pressure drop (Pa)
length (a)
inside diameter (m)

(M.S/m2)

This i3 the same aa using the linear, laminar
line of the Moody diagfa^ for t in the Darcy
equation.
For Clou through the channel annuli the following

aquation tor steady. Incompressible "Laminar Flow
was J3«d, which is derived from equation(l).

(2)Q - —
Bv

where, Q
u
4P

a
b

(b)

IE L a "b —in a/b J

• flowraue (m3/a)
» dynamic viacoaity (N.S/m2)
- pressure drop (Pa)
» length(m)
« outer radiua (m)
- inner radiua (m)

Turbulent Flow (Ra >2000)

For the portiona of the system with Ra>2000, the
Darcy equation was used.

(3)

where, ip
t
L
Y

a
D

pressure drop (Pa)
Moody friction factor
length (m)
density (Icg/m3)
flow rate (M3/s)
inside diameter (m)

8000

6000

4000

2000

V* in. tubing

TURBULENT

TRANSITION
in. tubing

Annulus

0 4 8 12 16
CO2FL0WRATE {L/MIN.)

FIGURE 3
FLOW REGIMES

The equivalent lengths given in Crane ware used
for the resistance of fittings and bends.

Although not necessarily accurate for 2000 < Be
<4000, the above expression was used since no
alternative relationship i3 available. In
addition, the above expression 13 not strictly
accurate for compressible gaa flow. The correction
for compressible flow is well within experimental
accuracy.

5.2 Comparison of Experimental Results
with Theoretical Predictions

The experiments consisted of a range of test
flows which blanketed all of the flow regimes
experienced in the Annulu* <3aa System. Figure 3
shows the test CO2 flow range for the V4-in
(6.35 an) tubing (inlet and pigtaila), the 3/8-in
(9.53 an) outlet tubing, and the channel annulus.
Note that the flow in ttte channel annulus will
always be laminar within the range of possible AGS
circuit flows.

The results from test number 7 are plotted in
Figure 4. Good agreement between experimental and
tS»«eeti.<s«a Basalts is s*»n. <«« <.ta» c«Rt-ca.l ^Mt.
of the flow range. Significant deviation is
observed for the low flow (laminar flow regime) and
high flow cases. This is conaistent with the
results from all of the testa. The expected design
recirculation flow rate through an 11-ehannel
string ia about 5 L/min. The deviation between
analysis and teat is about 4% at this flow rate.

4 8 12

CO2FLOWRATE (UMIN.)

FIGURE 4
AP VS. FLOW FOR AN 11 CHANNEL STHING

16
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The inalysis snows '•.hit the pressure drop through
a string of channels is primarily due to the 1/4-in
(•5.35 rum) diameter tubing. As an example, for
test 7 with the 5.$ L/min flow, the breakdown
of AP's is is follows:

L/4-in (6.35 mm7 lalec Tabtnq: 6.2 *Pa
1/4-in (6.35 ram) pigtails: 7.7 KPa
Channel Annuli: 5.1 x 10~3 kPa
3/3-in (9.53 mm) outlet Tubing: 1.8 x 10~l fcPa
AP Total: 14.1 icpa

For small diameter tubing, the dimensional
tolerances have % dramatic effect on Ap's. From
equation (3) we can setj that for turbulent flow

AP (4)

and similarly from equation (1), for laminar flow,

AP«KQ/D4 (5)

6. DISCUSSION AND CONCLUSIONS

6.1 pressure Drop

The experimental reaui.cs show good agreement with
the calculated values (Figure 5). The deviations
between the calculated and measured pressure drops
varied from -43* to +15%. it seems that the theory
under predicts the pressure drops by up to 43% for
very low CO2 flow rates. However, if the tube
dimensional tolerances are taken into account the
deviation becomes -11%, For example, the measured
value of pressure drop for 1.5 L/rain is 1.91 kPa
while the calculated one varies from 1.03 to
1.7 fcPa depending on the dimensional tolerances of
the tubing.

Apart from experimental errors, other possible
reasons for the large deviation between measured
and calculated pressure drops at very low flow
rates could be the temperature effect, the
selection of an appropriate friction factor and the
assumption of a fully developed velocity profile in
a straight pipe. The temperature in the system was
assumed to be that of the vault. Mo direct
temperature measurements «er» taken. Thasa
experiments were performed at or near the
transition region between laminar to turbulent flow
regimes. It may be possible that this transition
did not occur at the Re. number of 2000 as assumed
in the calculations. An earlier transition to
turbulent flow and/or a slightly higher system
temperature could account for a large part of the
observed deviation between the calculated and
measured pressure drops. The AP's at higher flow
rates ara less sensitive to the above parameters.

Calculations show that the flow through the
pigtails contribute approximately 50% of the total
pressure drop while the inlet tubing contributes
nearly the other 50%. These numbers are for much
higher flows for which ens agreement between
calculation and iwasured £p is good. For a lower
flow the relative contributions may be different
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FIGURE 5
MEASURED cP VS. CALCULATED aP

due to the geometry of the pigtails which may
affect the R* number at which the transition from
laminar to turbulent flow takes place.

With the good agreement between calculated and
measured AP's in the range of interest and
considering all the arguments, it i3 concluded that
the hydraulic model used to calculate the
isothermal pressure drop in a string of channels is
good.

6.2 Tracer Test

The only conclusion that can be drawn from the
results is that the circuit time for the various
strings of channels was established.

A aora detailed analysis using a computer code is
underway to verify the model for dew point response
uaing the results from th« tracer test3.

7. REFERENCES
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Developments in the Dew Point Model for
Predicting Annulus Ga3 System Response",
1984 CHS Conference.
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CRUD TOLERANT FUEL CHANNEL CLOSURE FOR BRUCE GS A

P.T. HENRY

Canadian General Electric
Peterborough, Ontario

ABSTRACT

This development project was originated by
Ontario Hydro because of the serious difficulties
being encountered in replacing fuel channel closures
by the fuelling machine (f/m) at Bruce Nuclear Gen-
erating Station A as a result of debris being pres-
ent in che locking lugs and seal face area of the
fuel channel end fittings. The design aimed at a
mechanical means of scooping the debris wich a mod-
ified channel closure which would replace the
regular channel closure presently carried in the
fuelling machine magazine as a spare.

INTRODUCTION AND BACKGROUND

It is during channel closure replacement, follow-
ing refuelling that the crud related problems
occur. To date many specific crud occurrences and
sources have been identified that led to closure
sealing problems. See Table 1.

The work aimed at a device designed to replace
the spare tuel channel closure presently scored in
the fuelling machine magazine, which could remove
remotely small pieces of construction welds and
other debris found from time to time in the closure
lugs area of Che end fitting. The inside diameter
of che end fitting has sixteen interrupted thread-
like lugs which mace with corresponding lugs on the
channel closure forming a breech type assembly.

Anocher required feature of the crud tolerant
closure is that the scoop be retractable. This is
necessary because when the closure is advanced into
the end fitting Co attempt a seal, che 3coop must
pass from che larger diameter of che locking lugs Co
che smaller diameter of the end fitting bore.

DESCRIPTION AND OPERATION

Several concepts evolved buC the design shown in
Figures 1 and 2 was chosen for further development
and testing as it was the simplest, both physically
and from an operating point of view.

Description (Sef. Figures 1 and 2)

The crud tolerant closure is made up of a scoop-
ing mechanism cancilevered from the sealing disc of
a standard channel closure. The sealing disc has an
integral rectangular boss on che fronc of the
flange, used to secure the scooping mechanism. ICs
operation is controlled by the fuelling machine
drives through a closure adapter. A set of teeth,
designed Co sweep becween Che end fitting lugs, are
fastened to Che scoop. The teeth are chrome plated
to aid their sliding characteristics, and are backed
up by a set of wire brushes. The brushes ensure
that the end fitting lug capers are cleaned as well
as che area between sets of lugs missed by the scoop
teeth, during the 270° CCW sweeping mocion.

TABLE I: DEBRIS FOUND IN END FITTING LUGS
AT BRUCE GS A

Jul 78
metal cuttings
max size 6 nm x 3 mm

Dec 79
fuel bundle damaged
18 pencil shaped piece
as well as small debri

Mar 80
unidencified metal
debris

Dec 80
unidentified debris

Feb 81
f/m charge tube finger
pin, 25 mm lg by
6 ram dia

Feb 81
coil spring fragments
coil dia " 9 on, wire
size » 1.5 mm

May 81
f/m charge Cube head
retaining bolt approx
35 mm lg by 16 mm dia

Oct 81
unknown debris

Jan 82
tip of f/m charge tube
finger, thin sliver
sheared off

May 84
f/m charge tube finger
pin 25 mm lg by
6 am dia

Apr 85
f/m part
6 mm dia nut

Note: In some instances

closure replacement
problems led to 4 day
outage

clean up required using
3 manual tools
>

closure removal problems,
no outage

closure replacement
problems led to 5 day
outage

closure replacement
problems, no outage, some
leakage

closure replacement
problems,no outage

closure problems led to
3-1/2 day outage

closure problems, no
outage

closure problems, no
outage

closure replacement
problems, outage
prevented by use of
special closure *

closure replacement
problems, outage
prevented by use of
special closure *

crud sources are speculated.

The special closure referred to in Table 1 is a
standard channel closure ficted with a 10 lug
closure body instead of the normal 16 lug body.
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FIGURE 1: CRUD TOLERANT FUEL CHANNEL CLOSURE

The scoop body contains cavities to trap and hold
the crud once picked up by the teeth/brushes. The
scoop is fitted with pins that ride in angled slots
machined in the scoop support bracket. When the
crud tolerant closure is driven ahead axialLy, the
scoop is forced to ride up the slots as the scoop
climbs over the end fitting seal face. An aluminum-
bronze roller, located at the front of the scoop
Body, rests against the end fitting seal face during
che sweeping action and eases the climbing motion.
The rear slot is sceeper Chan the front to allow the
scoop to ride on the wheel while inside the liner
tube.

Fixed to the front of the U-shaped scoop support
bracket is a chrome plated guide disc. The guide
disc, which enters the liner tube as the crud toler-
ant closure is advanced into the end fitting lugs
area, helps to centre the mechanism and provides an
inboard support for the device. A coil compression

spring, located on the front of the crud tolerant
closure, ensures that the scoop body is normally at
its sweeping diameter. Once the scoop is retracted
the fuel channel can be closed with the crud toler-
ant closure using the same operations as with the
normal fuel channel closure.

The crud tolerant channel closure is constructed
entirely of corrosion resistant materials.

Operation (See Figures 1 and 2)

Operation of the crud tolerant closure is simple
and straight forward. Should the fuelling machine
encounter difficulties in replacing the standard
channel closure, the crud tolerant closure can be
brought forward from its fuelling machine magazine
site. This requires a 283° clockwise rotation from
the stop position while the tool is in the f/m
snout. It is then advanced axially and positioned
in its stare sweep position (Figure 1, Section B-B)
utilizing the fuelling machine encoder. The float
provided in the bottom of the angled scoop retract
slots ensures proper axial position with some spring
pressure holding the scoop against the end fitting
seal face. Float of 0.4 inch (10 mm) is provided,
and, as the axial positioning capability of the
fuelling machine is within ^0.2 inch (5 ram), no ref-
erence stop is required. Following this, a counter
clockwise rotation of 270° is made to sweep the end
fitting lugs with the scoop. (All rotations as
viewed from outside the end fitting).

Upon completion of this operation the crud toler-
ant closure is to be returned to its f/m magazine
site and the regular channel closure advanced to
attempt a seal with a fully qualified closure.
Should the regular closure fail to seal properly
further sweeping with the scoop may sufficiently
clean the end fitting lugs area to allow the regular
closure to seal.

Failing several attempts to effect a seal with
the regular closure, as a last resort, the assembly
can be advanced following the 270° CCW sweep motion
to retract the scoop and an attempt at seating the
crud tolerant closure can be made. The seating op-
eration for the crud tolerant closure is identical
to a standard closure.

Following each 'use' of the crud tolerant clo-
sure, debris removal and inspection shall take place
at the ancillary port at the earliest convenient
time as dictated by fuel handling operations. 'Use'
means either after a sweeping operation is performed
or after sweeping and sealing a fuel channel.

FIGURE 2: CRUD TOLERANT FUEL CHANNEL CLOSURE MOCK-UP
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Removal of Loose debris from the scoop into a
special container can be performed at Che ancillary
port or at other f/ra locations, by reversing the
sweeping motion or/and with the aid of an air
blast. In addition, the front cover of the scoop
can be lifted by removing the fasteners to facili-
tate debris removal.

TESTING

For testing purposes a mock-up crud tolerant
closure was manufactured to test the mechanical
operation of the scoop while attached to a closure
adapter and operated by the fuelling machine drives.

The mock up was manufactured in such a way as to
make it unsuitable for reactor use in that the
scooping mechanism was welded to the channel closure
sealing disc thus distorting both the properties and
geometry of this component. In addition material
selection was not compatible for use in the reactor
environment.

The tests were used Co confirm the following:

L) That under reactor operating conditions the crud
tolerant closure can be advanced to its seating
position forcing the scoop to retract up inside
the liner.

2) That under reactor operating conditions the crud
tolerant closure can sweep and remove crud from
the end fitting lugs/seal face region.

3) That no damage, in the form of nicks or scrat-
cnes, occurs to the highly critical end fitting
seal face area from any of the scoop operations.

As the fuelling machine test time was limited due
to fuelling machine head delivery requirements,
bench tests were also performed using the crud tol-
erant closure assembly to provide additional data to
supplement the fuelling machine work. These tests
were used to further demonstrate the sweeping capa-
bility of the scoop teeth and brush arrangement.

Initially, tests were performed to determine the
optimum scoop teeth geometry and brush arrangement
for scooping up various pieces of debris.

For this purpose a set of scoop teeth, made from
a plastic mold of the end fitting luga, was mounted
on a crank which, in turn, was supported on clear
plastic bearings which fitted into the end fitting
liner bore and the open end of the fitting. A
section of a standard shop wire brush was attached
behind the scoop to assist in picking up debris
missed by the scoop teeth. To test this model,
sample crud was positioned in the bottom of the end
fitting lugs seal face area and the 3coop was rota-
ted 270° counter-clockwise in a simulated pick-up.

Fuelling Machine Testa

Testing, using a Bruce GS B fuelling machine head,
consisted of the following:

A) A test under reactor operating conditions to
ensure satisfactory mechanical operation of the
crud tolerant closure (no crud present). This
test involved bringing the crud tolerant closure
forward axially to its proper start sweep

position, followed by the 270" CCW sweep, follow-
ed by further advancing the crud tolerant closure
axially to its seating position.

B) Four scoop sweep cycles with crud present per-
formed in the cold, unpressurized condition with
the f/ra backed off axial ly from an end fitting
after first homing and locking to ensure proper
alignment. The crui samples present and results
of each sweep are listed in Table 2. This method
of testing was followed because less time was
required, so that the sweeping operation could be
observed and there was no danger of losing crud
in the system.

C) A single test under reactor operating conditions
with a 1/4 inch (6 mm) x I inch (25 mm) long hex
head bolt p sent in the end fitting lugs
region. See Table 2 for results.

TABLE 2: FUELLING MACHINE TEST RESULTS

Test/
Sweep

Crud Sample Results

B 1 1/4 in (6 mm) nut
1/4 in (6 mm) bolt

B 2 1/2 in (13 mm) nut
1/4 in (6 mm) nut
No 6 nuts (2)
No 8 screw

both items picked up by
the scoop

all items picked up
except a single No 6
nut, the scoop teeth
rode over chis nut

B 3 1/4 in (6 mm) x 1 in all items picked up
(25 mm) long bolt except the two No 6

1/4 in (6 mm) x 1/2 in bolts
(13mm) long bolt

No 6 x 1/2 in (13 mm)
long bolt (2)
No 8 nut

B 4 1/4 in (6 mm) x 1 in picked up
(25 mm) long bolt

C 1 1/4 in (6 mm) x 1 in picked up
(25 mm) long bolt

REMARKS: Sweep number C 1 was made at reactor
operating conditions (ie pressure, tem-
perature, flow).

Following these tests inspection of the end fit-
ting seal face, scoop teeth and bristles showed no
damage.

Bench Tests

For the bench tests, an important adjustment was
made to the crud tolerant closure mock-up. The
scoop teeth were lowered such that the gap between
the bottom of the teeth and the end fitting bore
measured 0.025 inch (0.6 mm). For the fuelling
machine tests this gap was measured no be 0.080 inch
(1.3 mm).

This was done to enable the scoop t«eth to pick
up thinner objects eg. in fuelling machine test B
sweep 2 Che scoop teeth rode over a No 6 nut (thick-
ness - 0.108 inch (2.7 mm)).
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FIGURE 3: BENCH TEST SET UP

TABLE 3: BENCH TEST RESULTS

Sweep Crud Sample

1

2

3

4

5

6

7

a

10

U

12

13

1/4 in (6 mm) long
bole

1/2 in (13 mm) long
bole

1/4 in (6 inm)x 1 in
(23 mm) long bole

1/2 in (13 mm) x 2 in
(31 mm) long bole

1/8 in (3 mm) nut

1/4 in (6 mm) nut

1/2 in (13 mm) nuc

cip of socket head
cap screw

various pieces of
weld spaecer

f/m charge eube finger
pin-1/4 in (6 mm) dia
x 1 in (23 mm) long

coil spring fragment
wire size
0.038 in (1.3 mm)

coil dia
0.341 in (9 mm)
Length 1/4 in (6 mm)

f/m ci.arge Cube head
recaining screw

1 in (23 mm) long
coeeer pin

Resules

picked up

picked up

picked up

-bole jamned becween
scoop cover and end
fieeing lugs when
placed lengthwise,

-picked up when placed
crosswise

picked up

picked up

picked up

picked up

all picked up

picked up

-picked up when spring
laid on ies side

-jammed when spring
laid on ies end as
bottom coil wedged
between scoop teeeh
and end fieeing

picked up

picked up

The eesc sec up was as shown in Figure 3. Care
was taken Co ensure Chac Che closure adapeer and end
fiecing were parallel and on ehe same centreline.

The crud samples used and ehe resules of each
sweep are contained in Table 3. Single samples of
crud were used for each sweep. The crud sample was
posieioned in ehe boecom of ehe end ficeing lugs
area and for each crud sample both lengehwise along
Che end fiecing and crosswise posieioning was used.

CONCLUSIONS

The sweeping action of the crud eolerane closure
worked quite well based on ehe eesc resules. Of ehe
13 crud samples used during bench testing, each
positioned both lengehwise and crossways in ehe end
fitting, only cwice did Che cool jam during Che
sweep motion. On one occasion, a 1/2 inch (13 mm)
diameter bole jammed beeween Che end fiecing lug
radius and the scoop cover. On ehe ocher occasion a
0.341 inch (9 ran) diameter by 1/4 inch (6 mm) long
coil spring placed on its end, jammed when one of
Che coils became wedged under ehe scoop eeech.
Reducing Che clearance becween Che scoop teeeh and
Che end ficcing inner diameter could possibly have
prevented ehis occurrence. In fucure, Chis
clearance will be designed Co be 0.006 inch
(0.13 mo). However unlikely, ie is possible ehae a
certain size crud sample could cause the scoop Co
jam during Che sweep motion. Should jamming occur a
small backwards rotation followed by continuation of
the sweeping motion should free up the crud sample.

Procurement of two reactor grade prototypes is now
underway for further testing and, assuming good
performance, for use ac Bruce NGS A.



7.25

AUTOMATED FUEL SCHEDULING EXPERIENCE AT GENTILLY-2

GUY HOTTE

Hydro-Quebec
Support technique G-2
Montreal, Quebec

ABSTRACT

A computer code named SRG2 has been developped at
Hydro-Quebec in the modular framework and data struc-
ture of Che FHFD fuel management code and has been
implemented for fuel scheduling at Gentilly-2. SRG2
has been designed to fulfill the need to forecast
power distribution and race of depletion trends for
fuel management purposes. It uses a two dimensional
approach to predict fuel burnup and power distribu-
tions and has a built-in fueling sites selection al-
gorithm based on a power shaping approach. This pa-
per presents the principle highlights of this program
and describes it's performance with regard to fueling
objectives and constraints.

INTRODUCTION

The main objectives that must be achieved in fue-
ling a CANDU reactor such as Gentilly-2 are:

1) to compensate for fuel depletion and provide
sufficient excess reactivity to ensure that
crlticality is maintained,

ii) to constitute an external means of regulating
the spatial incore power distribution.

This must be done while respecting the following
constraints:

- minimize the channel power peaking factor (CFPF)
to maintain an adequate operating margin,

- minimize operation costs related to fuel con-
sumption,

- ensure thac no power peaking or tilting that
could trip the reactor will occur,

- minimize fuel ramp defeccs.

A computer code named SRG2 (1,2,3) has been deve-
lopped ac Hydro-Quebec in the modular framework and
data structure of the FMDP (4) fuel management code
and Implemented for fuel scheduling at Gentilly-2.
The main characteristics of this module are the two
dimensional approach used to predict fuel burnup and
power distributions and it's built-in fueling aices
selection algorithm based on a power shaping approach.

SRG2 has been designed to fulfill the need to fo-
recast power distribution and rate of depletion
trends for fuel management purposes. Such a program
must be able to determine fueling sites while taking
station operation constraints into account and pre-
dict adequatly resulting power distributions and reac-
tivity.

The purpose of this paper is to present the prin-
ciple highlights of this program and describe it's
performance with regard to the above mentionned

objectives and constraints.

BURNUP HISTORY

Fuel burnup at G2 is computed with the SIMEX code,
based on a combined mapping/diffusion calculation
approach (5). Three dimensional (3D) flux distribu-
tions are calculated from a modal expansion technique
fitting the flux at 102 incore Vanadium detector si-
tes using a least squares criterion minimizing the
relative error between flux and mean detector rea-
dings. The fundemantal mode is Che result of an ins-
tantaneous 3D diffusion calculation using the actual
status of fuel and control devices at the beginning
of a simulation time step. These distributions are
known as "real" distributions as opposed to Che
"virtual" or "nominal" distributions computed using
Che nominal control device positions. Burnup is cal-
culated using mapped cell fluxes averaged over the
simulation time step in the usual quasistatic ap-
proach. Burnup effects are explicitly simulated
through POWDERPUF's lattice calculations which provi-
de an irradiation dependant cell flux to power con-
version ratio used to calculate bundle and channel
power distributions. In addition dynamic effects
seen by the mapping detectors during the time step
are reflected in Che averaged mapped power distribu-
tion and discrepancies in the diffusion model are
corrected by the mapping calculation thus making
SIMEX more accurate than the traditional diffusion
approach. Reactivity is determined by 3D diffusion
calculation performed ae the end of each simulation
time seep.

Reactor history is also monitered by the PMCR (6)
mapping program used to regularly calibrate ROFT
(Regional Over Power Trip) detectors. SIMEX and
PMCR differ by the detail and precision of their cal-
culations. PMCR maps produce average channel fluxes
as opposed to the 3D bundle fluxes mapped by SIMEX.
In PMCR, bundle powers and bundle burnups are deter-
mined assuming a time-averaged axial power distribu-
tion for natural Uranium fuel. An irradiation Inde-
pendent ratio of bundle power per unit cell flux of
depleted fuel to natural fuel, pre-calculated by
POWDERPUF, is used as a correction factor for bundle
fuel types. Bundle burnup effects on channel power
are taken into account through correlations based on
FMDP simulations of fueling history and operation of
a 600 MWe CANDU-PHW reactor. All flux modes used by
PMCR were calculated for two homogeneous burnup zones.
The resulting flux maps are thus smoothed distribu-
tions which do not recognize localised effects due to
burnup variations.

He thus have at our disposal the following distri-
butions for the selection of fueling sites:

- 3D "real" power distributions calculated by the
neutron diffusion method and by flux mapping,
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- 3D "nominal" power distribution calculated fay
diffusion method with control devices in the
nominal position,

- channel overpower distribution used to determi-
ne CPPF (Channel Power Peaking Factor) and ope-
rating margin, calculated using PMCR.

THE SRG2 COMPUTER CODE

The simulation process in SRG2 (7,8) is based on
a quasistatlc approach Identical to that used in
FMDP's SIMEX and SIMULATE modules. The choice of two
dimensional diffusion calculations was motivated by
the following considerations.

- the problem of choosing fueling sites is defined
in the radial plane,

- detailed calculations to determine perturbations
caused by fueling individual channels could be
performed at a reaaonnable cos;,

- the cost of fueling studies could be reduced
while maintaining a. reasonnable accuracy.

The simulation process is illustrated in figure 1.

MlOlltlW If

* am lUraft t* rnu

ii) A 3D calculation is performed using nominal
control device positions (virtual distribu-
tion).

iii) Equivalent 2D properties are calculated by
axial weithting of 3D properties with the
flux and importance function* as follows:

dv dv

dv

D - '* D 7* dV
8 g g g

dv

??» dv

vXf, S sl-2 are the usual thermal fission pro-
duction and fast to thermal removal cross sec-
tions; D the group diffusion coefficient;
0 and $*, the gtoup fluxes and importan-
S g
ce functions. V represents the volume of the
channel.

Approximating the 2D equivalent fluxes as Che
integral of 3D fluxes, i.e.

Remaining cross-section are evaluated by neu-
tron balance of the diffusion equations which
implicity takes axial leakage into account,
as follows:

at ' 11 t iff i - si^

Keff

where Z is the thermal absorption cross sec-
tion 2

and I is the fast absorption cross section.

iv) Channels are chosen for fueling according to
the selection scheme presented in the next
section of this paper.

v) Fueling is simulated through the following
steps:

FIGURE 1: SRG2 SIMULATION PROCESS

The basic steps for a simulation with selection
of fueling sites are as follows:

i) Bundle Irradiation, fuel types, real flux
and power distributions are provided by
SIMEX to initialize calculations.

* Weighting with adjoint fluxes should minimize error
on the eigenvalue of the perturbed 2D model. With
our approximation on equivalent 2D fluxes, it was
found that best results were obtained using the
fast flux as importance function for the thermal
group and slow flux, for the fast group.



rrr

- the flux calculacion coefficients siacrix Is
updaced by adding increments of thermal
absorption acid fission cross-sections to
tc's appropriate eiemeacs,

- a 20 diffusion calculacion is performed,

- initial 3D victual fluxes are updated to
reflect changes in che radial plan* through
the following relation:

- an updated virtual 3D power distribution
(P (t))) is calculated,

- initial real power dlscribuclons (P (co))
are updated as follows:

In addition an option la provided to allow
credit for reactor concrol response by a
pseudo mapping algorithm.

vi) Channel and bundle powers at the selected
fueling site* ate coopered to defined limits
and the channel is either accepted or rejec-
ted. In the first case, another channel will
be selected if required. In the latter case,
an alternative fueling site will be determi-
ned.

vii) Seeps "lv" through "vi" are repeated until
all the necessary refuelinga in current time
step are made. Burnup Is then updated using
the usuaJ. quasiacacic approach, as follows:

uhere

\ arcs the bundle irradiations

's. is che flux depression factor

\ is che thermal cell flux

Ci is che time increment: (t+ - t~)

viii) Current data are written to the common data
base and steps "lv" chrough "vii" are repea-
ted if another time step oust be taken.

Simulation period ca.i be broken down lnCo
periods with and without selection of fueling
sices.

- channel fueling direction is chosen to maintain
adequace axial flux shape,

- chaaael sad iimedlaza neighbour overpowers isust
be less Chan limits defined to minimize CPPF anci
clustering,

- neighboring channel ages must be greater char,
limits defined to avoid clustering that <nay
cause power peaking.

Enough channels are chosen to obtain a desired
excess reactivity at the end of period, caking fuel
handling capacity liaits into accounc.

Fueling sices In Che outer core region (see figures
2, 3 and 4) are checked only for fueling direction
and clustering. In addition, the program provides
for dispersed fueling of this particular region.

FIGURE 2: CORE REGIONS

The Power Shapit.g Selection Algorithm

SRC2 juro lulling is bas*<) #o a povar shaping ap-
proach. The >:ore is divided into fueling regions
ind sones. They are fueled to maintain the nominal
3ow«r distribution as close as possible to a defined
:argec distribution. Available fueling 3ites In a
:one are examined i.n order to find che 3ice which has
:he highest discharge turnup while aacisfying che
following conscraincs:
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FIGURE 4: FUELING ZONES

The detailed steps of the selection strategy im-
jlemerted in SRG2 are the following:

i) Fueling i. required if the current fueling
gain in reactivity is less than the minimum
required for the current period, according
to the following relations:

and -KI - MAX f-KI , iiCI )
ni p

wKIm is the ininimura gain in reactivicy :or
which liquid 2one controller levels would t£
to their lower limits at the end of current
time step, and is calculated as follows

AKIp is the required reactivity assuming re-
fuelings are distributed uniformly over the
simulation period taking fueling machine capj-
city into account.

1KR • n

iKI

AKK

AK

iKI

3
o

3D

i£
5B

Bo

Lo

ni

N

ii)

The above quantities are cumulative values,
the different symbols are:

required gain of reactivity for the period

current refueling gain in reactivity

minimum required reactivity at end of
step j

reactivity at step i without refueling

reactivity at step i with refueling

target reactivity at end of period

the rate of change of reactivity with time

3D the rate of change of reactivity respecti-
1T vely with boron concentration and liquid

zone controller levels

the target boron concentration

the target liquid zone controller level

the capacity of fueling tuichine for each
step

the total number of visits for the period

The core is subdivided into regions, sub-
regions and zones illustrated in figures 2,
3 and 4, fueled to maintain a desired target
power distribution when controllers are in no-
minal positions. A channel will be chosen in
the inner region if the ratio of the external
region nominal power to that of the internal
region is greater than the target ratio.
Within a region, sub-regions are chosen by si-
milarly comparing nominal power ratios to tar-
get ratios.

Zones are inspected for refueling on a priori-
ty basis of decreasing values of

Ps - 2 ?
for symmetric target
distribucions

J.K

•-•here IK - (c. - :.)
1-1

P - P , for asymmetric target distri-
butions
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r the target power for the zone

p
s the nominal power of the symmetric zone

P the nominal power of the zone

A negative value of AP incidates a zone in
overpower. Such a zone is eliminated from the
list. An option is provided for dispersed re-
fueling of the external sub-region of the core.

For the dispersed fueling option in the exter-
nal sub-region, refuelable zones (AP > 0) are
inspected alternately on priority basis of de-
creasing and increasing AP.

iii) The zone with highest priority is examined for
refueling. Inaccessible channels and channels
with a discharge burnup smaller than

3 min - MAX (0 , Ti
P

are eliminated

3 is a specified minimum discharge burnup

3 is the mean discharge burnup of all chan-
nels in the zone

The remaining channels are considered with
priority based either on decreasing discharge
burnup or decreasing fueling reactivity gain.

For the external sub-region dispersed fueling
option, channels are considered alternately
on priority basis of decreasing irradiation
and decreasing fueling gain in reactivity.

iv) A channel is considered for fueling if the
following conditions are verified

- channel fueling direction must be appropria-
te to maintain an adequate axial flux shape,

- channel and neighboring channel "real" po-
wers must be less than specified limits,

- discharge burnup of neighboring channels
must be greater than a specified value to
avoid clustering,

- minimum gain in reactivity requirements must
be satisfied for channels located in the
core's external sub-region.

v) When a channel meets all the requirements lis-
ted in step "iv", it is refueled and a 2D dif-
fusion calculation is performed. If the re-
sulting "real" channel and bundle powers at
the fueling site are less than specified li-
mits, the channel is finally accepted and the
process is repeated until all channels are
chosen for current time step. Otherwise the
channel is rejected and the next available
zones are inspected to determine an adequate
fueling site.

vi) When no channel in a given sub-region meets
all the requirements listed In step "iv", the
channel with highest burnup satisfying chan-
nel power and clustering conditions is consi-
dered.

In the event that none of the channels meet

those requirements, another sub-region or

region is inspected.

The core's external sub-region is inspected

differently. A channel located in that region

will be considered if it satisfies clustering

and minimum gain in reactivity requirements.

If none of the channels meet those two condi-

tions, the highest burnup channel located in

the highest priority zone will be considered.

In these cases, channel and bundle powers af-

ter refueling are not examined.

FUEL SCHEDULING EXPERIENCE WITH SRG2

The performance of the SRG2 computer code must be
evaluated through the accuracy of it's two dimensio-
nal simulation approach and it's ability to correctly
determine fueling lists.

The accuracy of the 2D approach was investigated
over two extended periods before and after the onset
of refueling. Results were compared to those of i-
dentical 3D simulations (8). As illustrated in figu-
res 5,variation of core reactivity is very well pre-
dicted with a maximum error of 4% occuring for a
40 FPD (Full Power Days) burnup period with refueling.
Figures 6 show excellent agreement for maximum chan-
nel powers, the error staying below IZ. Eliminating
the axial direction has the evident consequence of
misrepresenting flux variations in that direction.
As illustrated in figures 7,error on maximum bundle
power goes as high a 8%. Axial power shape changes
in SRG2 simulations only reflect changes in the bun-
dle flux to power conversion ratios that are taken
into account in the power calculations described
in section 2.

Errors on bundle powers due to the 2D approach ap-
pear less important when one considers how SRG2 is u-
sed in determining fueling schedules for Gentilly-2.
Data provided by SIMEX are updated on a weekly basis
with 3D calculations and predictions are made for
the next two weeks. For periods of 15 FPD, errors
on maximum bundle power remain acceptable.

FIGURE 5a: ACCURACY OF 2D. SIMULATIONS-REACTIVITY
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FIGURE 5b: ACCURACY OF 2D SIMULATIONS-REACTIVITY

FIGURE 6a: ACCURACY OF 2D SIMULATIONS-MAXIMUM
CHANNEL POWER

FIGURE 7a: ACCURACY OF 2D SIMULATIONS-MAXIMUM
BUNDLE POWER

flS.O 100>D tCB.O US.O 12O'D 12S.0 130.0 IS.O I4O.I]

FIGURE 7b: ACCURACY OF 20 SIMULATIONS-MAXIMUM
BUNDLE POWER

FIGURE 6b: ACCURAC

c;
( 2D SIMULATIONS-MAXIMUM

Fueling site selection depends particularly on the
following data:

- target power distributions,

- channel and neighboring channel power limits,

- clustering limits.

As mentionned above, fueling sites are chosen to
bring nominal powers for regions and fueling zones as
close as possible to target powers. Fueling zones u-
sed for G-2 are subdivisions of reactor control zones
as illustrated in figure 4. This subdivision was a-
dopted to allow an adsquate distribution of fueling
sites in each of the core's reactor control zones.
Certain fueling zones overlap regions or sub-regions
of the core. This is to account for the fact that
fueling a channel bordering a particular region af-
fects the power of that region. Target powers may
be:
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- the reference power distribution defined in the
ROPT design

- time-averaged power distribution, from reactor
design calculations

- best estimate of equilibrium power distribution,
taking into account restrictions on the fueling
pattern which arise from ROPT operating margins.

The latter is used for fuel scheduling at G2 since
maximum discharge burnup is directly related to equi-
librium power distribution. Target powers were thus
identified for each fueling zones by following trends
in zonal powers. Figures 8 and 9 illustrate these
trends for the central spatial control zone (No. 4/11)
and it's fueling zones (No. 1/21).

A typical fueling list, printed out with appro-
priate notes indicating particularities (9), is il-
lustrated in figure 10. The corresponding ratios of
channel discharge burnups over time averaged burnups
are given in figure 11. Currently, around 70% of a
fueling list is determined by SSO2. fueling sites
produced by SRG2 are rejected because of the follo-
wing factors:
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FIGURE 10: FUELING LIST

FIGURE 9: FUELING ZONE POWERS

The ROPT reference power distribution is used to
determine channel and neighboring channel power limits
since the reactor operating margin is related to this
distribution. Maximum overpower limits before fueling
that maintain an adequate margin to trip were identi-
fied through fueling and operating experience. These
used in conjunction with clustering limits based on
channel age ensures that no power peaking will occur.
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- Differences between overpowers predicted by
SRG2 diffusion calculations and those observed
by PMCR flux mapping. These are related to ma-
ny factors, among which are definition of cell
flux to power conversion ratio in POWDERPUF and
spatial control effects not simulated in SRG2.

- Power shaping criteria undermining burnup maxi-
mization and CPPF minimization. Power shaping
in SRG2 is a dominant criterion defining in
which zone a fueling site will be selected dis-
regarding available fueling sites in adjacent
zones that have higher channel discharge burnup
or lower local channel power levels. This is
illustrated in figure 11 where channel G-19 was
chosen instead of H-17 located in a adjacent
fueling zone. Before refueling, the ratio of
nominal to target zonal powers were respectively
of 0.97 and 0.99. Refueling channel G-19 brought
both zones ratios to 1.01 making the better site
(channel H-17) unavailable for refueling.

- Inadequacy of power shaping in the external re-
gion of the core. Zonal power fluctuations are
more important in the core's external sub-region
making target power identification more difficult.
In addition, visits to many fueling sites in this
sub-region must be delayed to insure that parti-
cular conditions are met before refueling (ex:
FARE fueling near platinium reactor control de-
tectors) .

- Choice of fueling direction (north or south) in
order to maintain an adequate axial flux shape.
The choice of channel fueling direction is based
on a criterion which minimizes the difference
between the total number of north and south re-
fuelings in each spatial control zones. Though
generally valid, this criterion is not always di-
rectly related to axial flux shape.

These problems can be partially avoided by using
options overriding different criterion or by fine
tuning limits based on operating experience. The
predominant nature of the power shaping criterion can
not however be avoided. Use of adjoints from Genera-
lized ?eituibatton Tlteo^ <SE1> O.Q.LU would provide,
solutions to this problem by giving a beforehand esti-
mate of the result of fueling individual sites on
reactor control zone and fueling zone power levels.
It would thus be possible to choose sequences rather
than individual sites to achieve given goals. Compu-
ter costs** could be reduced by reducing the number of
necessary diffusion calculations, allowing the simu-
lation of a number of sequences from which an optimum
could be identified. In addition, reactor control ef-
fects could be simulated through GPT (12).

CONCLUSION

Fuel scheduling with the SRG2 computer code ensures
that channel selection is based on objective criteria.
In addition it gives very good and useful predictions
of the trends in power distribution and rate of de-
pletion. Currently, up to 70£ of the channels speci-
fied on a list are determined by SRG2. Channels are
rejected mainly because of

- differences between overpowers predicted by dif-
fusion calculations and those seen by flux map-
Ping,

- power shaping criterion undermining burnup maxi-
mization or CPPF minimization,

- inadequacy of power shaping in the core's exter-
nal sub-region.

Most rejected channels reappear however in the
actual fueling lists in the next two to three weeks.

Reactor control effects could be simulated through
Generalized Perturbation Theory (GPT) (10,12). GPT
would also permit introduction of weighting factors
on the sometimes conflicting power shaping, burnup
maximization and CPPF minimization criteria (11). In
addition, computer costs could bs reduced through use
of GPT by reducing the number of diffusion calcula-
tions. Consequently, fueling sequences could be tes-
ted and chosen to achieve given goals.

REFERENCES

(1) NGO-TRONG, C., "SRG2 - Un programme pour la stra-
tegie de rechargement de Gentilly-2, lere partie:
Description du programme". ETN-78-09, Hydro-

• Quebec, Decembre 1978.

(2) HOTTE, G., "SRG2 - Un programme pour la strate-
gie de rechargement de Gentilly-2, 21eme partie:
Guide du programmeur". TN-81-08, Hydro-Quebec,
Decembre 1931.

(3) HOTTE, G., "Utilisation du code SRG2 pour la se-
lection des rechargements a Gentilly-2", Hydro-
Quebec, in preparation.

(4) WIGHT, A.L., GOLD, M., MARCZAK, J.V., "Fuel Ma-
nagement Design Program - FMDP - User Manual",
AECL, TDAI-107, August 1979.

(5) MCNABB, D., "SIMEX - Un module pour la simulation
de 1'exploitation du reacteur de Gentilly-2 -
Guide de I1 utilisateux" . CWl-B.lSk-%, «y^o-
Quebec, Septembre 1981.

(6) KUGLER, G. and OH, S.H., "PMCR - A Power mapping
and calibration routine for 600 MWe CANDU - PHW
Reactors", TDAI-195, AECL, August 197*.

(7) DELORME, G., MCNABB, D., HOTTE, G., "A Two-
Dimensional Diffusion Module for the Simulation
Package SRG2". Paper presented at the 1980 Si-
mulation Symposium on Reactor Dynamics and Plant
Control, March 1981, Toronto, Ontario.

(8) HOTTE, G., "Utilisation de calculs bidimension-
nels pour simuler l'approche a l'equilibre d'un
reacteur a eau lourde du type de Gentilly-2".
TN-82-08, Hydro-Quebec, Aout 1982.

(9) LESSARD, Y., "Nouveau module FMDP-HQ-PILR".
GAN-91, Groupe d'Analyse Nucleaire, Septembre

**Currently choice of an individual fueling site and
simulation of it's refueling take about u CP seconds
and 70 10 seconds on CYBER-170 (.about $15.00).



7.33

(10) ROZON, D., HEBERT, A. and MCNABB, D., "The ap-
plication of Generalized Perturbation Theory
and Mathematical Programming to Equilibrium
Refueling Studies of a CANDU Reactor", N. Sc.
Eng., 78, 211-226 (1981).

(11) HOTTE, G., DELORME, G., "Introduction d'adjoints
généralisés à la stratégie de rechargement de
Gentilly-2", Hydro-Québec, in preparation.

(12) DELORME, G., "Simulation du contrôle spatial
à l'aide du la théorie de perturbâtCjn généra-
lisée". GAN-47, Groupe d'Analyse Nucléaire,
Août 1983.



Session 8

MATERIALS SCIENCE & TECHNOLOGY

Stance 8

SCIENCE ET TECHNOLOGIE DES MATERIAUX



EROSION EXPERIMENTS OF STAINLESS STEEL

UNDER WATER-VAPOUR TWO-PHASE FLOW CONDITIONS

M. KOIKE and T. KITAHARA

ATR Components Development Section, O-arai Engineering Center
Power Reactor and Nuclear Fuel Development Corporation
4002, O-arai, Higashi-Ibaraki, Ibaraki-ken, 311-13 Japan

ABSTRACT

Erosion experiments of stainless steel were performed
under water-rapour two-phase flow conditions for outlet
pipes of ATR Demonstration Reactor of Japan. The
experiments were performed by using Component Test Loop
and erosion losses were estimated by weight differences of
specimens between before an-1 after tests. An erosion model
for two-phase flow was proposed here and it interpreted the
present data well. Also, oxide films on specimen surfaces
were analysed by using SEM, AES and X-ray to determine
depth protile, chemical formulae and porosity of the films.

INTRODUCTION

Power Reactor and Nuclear Fuel Development
Corporation (PNC) has developed the ATR-Fugen, a 165 MWe
prototype boiling-light-water-cooled heavy-water-moderated
pressure-tube-type reactor of Japan, which has been in
commercial operation since March 1979. A 600 MWe ATR
Demonstration Plant has been designed on the basis of the
experience of the Fugen and is scheduled to begin
commercial operation in December 199*. The ATR is a
unique reacter designed mainly to use plutonium-uranium
mixed oxide fuel. The demonstration reactor has 6*8 outlet
pipes in which high-speed two-phase water (ca. 280°C, 70
kg/cm2) flows upwards from pressure tube to steam drum,
the outlet pipes are made by type 316L stainless steel of
nuclear grade and about 3 inches in size (1). Figure 1 shows
the schematic flow diagram of the Demonstration Reactor in
which outlet pipe, pressure tube, steam drum etc. are
indicated.

The design value of average steam velocity of two-
phase flow in the outlet pipes for the Demonstration Reactor

Figure I FLOW DIAGRAM OF THE ATR
DEMONSTRATION PLANT

is about 14 m/sec, and that of the maximum steam velocity is
about 20 m/sec. Design values of the arerage and maximum
steam qualities in the outlet pipes are about 16 % and 30 °6.
respectively. It must be certified that outlet pipes are
endurable under these conditions throughout the life of the
reactor operation. There have been few erosion experiments
of water-vapour two-phase flow for steam qualities of 10~30
%. Therefore, erosion experiments of type 316L stainless
steel were conducted in this work under water-vapour high-
speed two-phase flow conditions, with parameters of steam
quality and flow speed by the use of Component Test Loop
(CTL) at O-arai Engineering Center of PNC. The CTL is a
full-scale test facility simulating the primary cooling circuit
of the ATR in terms of coolant temperature and pressure.

Ripken (2) made erosion experiments of stainless steel
under distilled water with an impact velocity of 229 m/sec.
Soidan and Siegel (3) made endurance tests of elbows and
check valve under high-temperature water. Investigations
were made by Cataidi et al W on erosion-corrosion of turbine
materials under wet steam flows. As for the theory,
Thiruvengadam (5) derived an equation on a threshold
criterion of erosion. Springer and Baxi (6) proposed an
equation which represented incubation time for erosion under
liquid droplets. However, these investigations were made
almost on erosions of materials under single-phase flows. In
respect of the erosion under water-vapour two-phase flows,
there are few erosion experiments and also few erosion
theories. This paper describes erosion experiments
performed and a theory proposed under water-vapour two-
phase flow conditions.

EXPERIMENTAL PROCEDURE

Erosion experiments were performed by the use of the
CTL in which high-temperature pressurized two-phase water-
vapoar is circulated. Figure 2 shows the schematic flow
diagram of the CTL. Maximum pressure and temperature of
the CTL for use are 82.5 kg/cm2 and 297 °C, respectively.
Maximum water flow rate and steam flow rate are 120 t/h
and 15 t/h, respectively. A Boiler supplies heat to water and
Circulation Pumps supply head to water in the CTL. Water-
vapour two-phase flow is produced by mixing hot water and
steam. After they are mixed, the two-phase water-vapour
flows into erosion test sections and to a Direct Condenser
which separates vapour from two-phase flow. Vapour is
circulated by a Steam Compressor with high speed. There
are three test channels in the CTL, two of which are
abbreviated in the figure.

Four kinds of erosion test sections are made in order to
achieve four kinds of flow speed tests by varying the pipe
diameter of each test section. Many small pipe specimens
cut in round slices are lined in series and fixed in four erosion
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test sections of the CTL. These inner diameters are 73.7,
62.1, 49.4 and 38.3 mm. The erosion test apparatus is shown
in Figure 3 in which test specimens, fixing ceramics liner etc.
are represented. Specimens are inserted into the ceramics
Jiners which aroid electrochemical corrosion for specimens,
and the liners lined in series are also inserted into the pipe
and fixed. Specimen's weight is measured before and after
the erosion test. The two-phase water-vapour is flowed from
the test section of larger inner diameter to that of smaller
inner diameter, that is, from the test section of 73.7 mm
diameter to that of 62.1, 49.4 and 38.3 mm diameter in order.
The two-phase flow rate is constant during experiment, so
that the velocity of the flow is increased as the diameter of
the test section becomes smaller. The erosion experiment
with four kinds of velocities is to be perfomed by a constant
flow rate test. In order to estimate the erosion loss for the
outlet pipes under two-phase water-vapour flow conditions,
not plate type specimens but pipe type specimens must be
used for the experiments, because the two-phase flow pattern
is very complicated compared with single phase flow pattern
and plate type specimens are not appropriate to the erosion
test for the outlet pipes. The two-phase flow pattern of the
present experiments are classified into annular mist flow
type.

Figure 2 FLOW DIAGRAM OF COMPONENT
TEST LOOP

SPECIMEN

LINER

Figure 3 EROSION TEST APPARATUS

Table 1 CHEMICAL COMPOSITION OF
TEST MATERIAL (wt. %)

SUS316L

Fe Cr Ni

67.8016.1812.100.023 2.03.

Mo Mn | Si

1.38 0.44 0.0300.0221

wat«r chemistries, steam qualities, experimental periods and
flow velocities. Mainly three kinds of experiments
designated as NT(I), AVT(I) and AVT(II) were performed and
their experimental conditions were as follows.
1. NT (I)

steam quality: 16 % (steam 4.7 t/h, water 24 t/h)
experimental period: 170 hours
temperature and pressure: 286 °C, 73 kg/cm2

water chemistry: pH 7, 120 ppb DO (Dissolved Oxygen),
0.3 H S/cm
steam velocities of two-phase flow: 12, 17, 26 and 44
m/sec.

2. AVT (I)
steam quality: 15 % (steam 5 t/h, water 24 t/h)
experimental periods: 504 and 1804 hours
temperature and pressure: 290 °C, 77 kg/cm2

water chemistry: pH 10, sk 2 ppb DO, 15 V S/cm
steam velocities of two-phase flow: 10, 15, 24 and 40
m/sec.

3. AVT (II)
steam quality: 26 % (steam 7 t/h, water 20 t/h)
experimental periods: 898, 1158 and 2057 hours
temperature and pressure: 292 °C, 78 kg/cm2

water chemistry: pH 9.7, <. 2 ppb DO, 11 M S/cm
steam velocities of two-phase flow: 14, 20, 32 and 53
m/sec.

Where NT and AVT means neutral treatment and all volatile
treatment of the water, respectively. Components and pipes
of the CTL is constructed almost by carbon steels, so that
the water chemistry for ;he operations is normally
appropriate to AVT.

The erosion loss of material was estimated from the
specimen weight difference between before and after erosion
tests. The erosion loss J W is expressed as

JW (1)

where Wn is an initial specimen weight before test, and Wj is
a specimen weight when after the test oxide film on the
specimen is removed by chemical reagents. Chemical
reagents used here removed oxide film only and did not
attack base metal, which were examined by the blank test.
Two kinds of reagents were used for the film removal, one
aikalipermanganate the other citric-oxalic acid with
inhibiter.

The flow speeds of the water-vapour two-phase flow
were calculated by the use of quality x and void fraction a .
For instance, the true vapour speed Vo of two-phase flow is
expressed as

VG
x W (2)

Table 1 shows the chemical composition of the material
used for specimens of the present work. Type 316L stainless
steel has less sensitivity to stress corrosion cracking because
of its low carbon constitution. Erosion experiments were
carried out under various conditions with parameters of

where W, A and Ta are total two-phase flow rate, the cross
section area of pipe and the density of vapour, respectively.
Void fractions are obtained by the equations of Bankoff and
Jones (7).
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Erosion specimens after tests were observed on the
inner surfaces by the use of Scanning Electron Microscope
(SEM) to detect whether severe erosions were ocurred or not.
Analyses using Auger Electron Spectroscopy (AES) were
performed on oxide films of specimen surfaces, especially for
oxgen element. By etching oxide films up to base metal with
the use ot argon tans, fractions cf elements which compose
films were obtained quantitatively. Also, X-ray diffraction
analyses were performed on the films to determine chemical
formulae of the oxides.

phase flow. Black hexagonal means data of 1* m/sec speed,
black circle means data of 20 m/sec speed, square means
data of 32 m/sec and white circle means data of 53 m/sec
steam-phase speed. Figure 3 shows the operation data of the
CTL for the experiment of AVT (II). Abscissa means
operation period and ordinates mean operational
temperature, pressure, water flow rate and steam {low rate.
During the test, several stops of operations were made for
the necessities of other channel experiments.

EXPERIMENTAL RESULTS
-40

Experimental results obtained by the use of straight —
pipe test sections are described here. As for the bending -=• _„
pipe, experiments are now going on and the results will be 3 "
described elsewhere. ^

Erosion Data

Figure * shows the experimental data of NT (I) test.
Abscissa means the steam velocity of the two-phase flow and
ordinate means the erosion loss of type 316L stainless steel.
The steam quality of 16% is about the average of the design
value. The water chemistry of NT (I) test is like the same as
that of the Demonstration Reactor. The period of the test
was short as 170 hours. Test temperature and pressure are
like those of the design values,
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Figure 5 shows the experimental data of AVT (I) tests.
The steam quality is 15 % and the water chemistry is owing
to the all volatile treatment in which dissolved oxygen (DO)
is very low as less than 2 ppb to result in less-corrosive
circumstance for materials. The periods of tests are 50*
hours and 180* hours. Black circle means 50* hours data and
white circle means ISO* hours data.

Figure 6 shows the experimental data of AVT (It) tests.
The steam quality is 26 % and the periods of tests are 898
hours, 1158 hours and 2057 hours. Black circle means 898
hours data, white circle means 1158 hours and triangle means
2057 hours data. Figure 7 shows the same data as in Figure
6. Abscissa means the period of tests and ordinate means the
erosion loss of type 3I6L stainless steel. In this figure, data
are plotted severally for the steam velocities of the two-

Figure 6 EXPERIMENTAL RESULTS OF
EROSION TEST, AVT (II)

All of the data are summarized in Table 2 in which the
erosion losses of type 316L stainless sieei are represented
with the unit of reduced thickness per year, ft m/year. In the
table, Vj. and VOL are the water velocity of the two-phase
flow and the average velocity of the two-phase flow,
respectively. For the AVT data, reduced thicknesses by
erosion are calculated severelly for each different period of
test.
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Analyses of Specimen Surface

By the use of SEM, observations were performed on the
specimen inner surfaces after the tests. Figure 9 shows the
typical photograph of the erosion specimens by SEM. The
specimen is from the experiment of AVT (II) with 1158 hours
and Vo =53 m/sec. Longitudinal strips observed in the
photograph are caused by surface burnishing at the
fabrication of the specimen. Oxide films cover all the
surface of the specimen, and in several places oxide films are
observed to be peeled off by erosion. However, the degrees
of erosion attacks are not so severe because the depths of the
peeied-off places are shallow.

Depth profiles of oxide films were analyzed by the use
of AES with etching successive layers of film by argon-gas
ion bombardment. Figure 10 shows the AES spectrum of AVT
(I) specimen surface, for instance. Figure 11 and Figure 12
show AES depth profiles of NT (I) specimen and AVT (II) (2057
hours) specimen, respectively. Abscissa means etching time
which corresponds to dept^ from the film surface and
ordinate means atomic percentages of elements. The
experimental period of NT (I) test is short, however, the
thickness of oxide film is larger than those of AVT tests. The
total contents of oxygen and metallic elements in tht films
were also shown in the figures. The oxygen content of NT (I)

Table 2 EXPERIMENTAL RESULTS OF EROSION
TESTS UNDER WATER-VAPOUR
TWO-PHASE CONDITIONS
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Figure 9

43^
AVT(n),H58HR.

VG=53m/sec

SHALLOW EROSION MARKS ON SPECIMEN
SURFACE MADE BY VCATER-VAPOUR
TWO-PHASE FLOW

specimen was larger than those of AVT specimens, which are
caused by the difference of water chemistry, especially
dissolved oxygen in the two-phase flows.
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Figure 11 DEPTH PROFILE OF OXIDE FILM
ANALYSED BY AES, NT (I)

Moreover, X-ray diffraction analyses were performed
on the erosion specimens to determine the chemical formulae
of oxide films. By the analyses, the oxide films were
determined to be maily consisted of the following oxides.

a F e 2 O 3 , FeO

Especially, a^c2°3 (hematite) was strongly detected in
spectra of the films for both NT (I) and AVT specimens.

After the erosion tests, oxide films of specimen surface
were removed by reagents in order to obtain the specimen
weight Wj of equation (1). At the time, the weight
differences were obtained between before and after the film
removals. These data with AES analyses yielded the density
of oxide films as

NT : 0.7 g W ,
AVT : 1 g/cm3.

These values are much smaller than that of base metal.
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Figure 12 DEPTH PROFILE OF OXIDE FILM
ANALYSED BY AES, AVT (II)

DISCUSSION

Discussions on Erosion Data

As shown in Figure k, Figure 5 and Figure 6, erosion
losses of type 316L stainless steel are not increased
according as the increase of two-phase flow velocity. For
single-phase flow, like water, erosion losses of materials are
directly dependent on the flow velocity, that is, erosion loss
increases according as the increase of flow velocity. For
two-phase flow as the present study, the flow pattern of the
water-vapour two-phase flow plays important roles for
erosion. The flow pattern of the two-phase flow in this work
are classified into annular mist flow type in which liquid
phase consists of sublayer, large disturbance wave streaming
on the sublayer with higher speed, and entrainment, and
steam flows in the center of pipe. The erosion losses of both
NT and AVT tests were almost constant for velocities of two-
phase flow. As shown in Table 1, values of erosion losses of
NT test are much larger than those of AVT tests, which is
ascribed to the difference of dissolred oxygen contents
between NT test and AVT tests. For NT test, 'erosion loss1 of
materials is contributed by both erosion and corrosion in
which erosion is contributed by flow patterns and corrosion is
contributed by dissolved oxygen in the flow. The erosion loss
almost constant for flow speed has been interpreted by
proposing an erosion model described below.

The chemical compositions of oxide films were
analyzed by the use of AES as shown in Figure 11 for NT test
and Figure 12 for AVT tests. Though the period of NT test is
shorter than those of AVT tests, film thickness of about 3 ft m
for NT test is larger than those of about I /x m for AVT tests.
The quantity of dissolred oxygen in the flow is considered to
determine the film thickness. For NT test dissolred oxygen is
about 120 ppb which is higher than those for AVT tests of ^ 2
ppb. The atomic percentages of oxgen in the film were 32 %
for NT test (170 hours), II % for AVT test with S98 hours and
26 % for AVT test with 2057 hours. For AVT tests, the



longer test periods are, the more oxgen penetrate into films.
The oxgen contents have the maximum value at specimen
surfaces and gradually decrease at the deeper parts of films.

Oxide films on pipe surfaces are weak in strength
compared with base metal. There are many pores in the film
through which dissolved oxygen or other impurity ions go in,
proceed and cut metal-metal bonds to combine with the
metal element which is the corrosion or oxidation
process, we think. The energy of the fluid removes the oxide
films by the attack on films, which is the erosion process.
Then, the porosities in the oxide films are very important to
understand the erosion-corrosion phenomena. The porosities
were estimated here with the use of AES data (Figure 11) for
NT (I) test. By the X-ray analyses chemical formulae of the
oxide are determined to be aF e*Oj and FeO, described
above. Near the surface of the film oxide must be mainly
consisted of aF e 2Oj and at inner parts of the film oxide
must be mainly consisted of FeO, because aF e ! O 3 is the
oxide in higher oxidized state than FeO. In Figure 11, from
the surface of the film up to the film depth of 0.8 /n m
(etching time 160 minutes) all the oxide is assumed to be
aF e 2Oj, and from the film depth of 0.8/itn to that of 3,um

all the oxide is assumed to be FeO, because at the film depth
of 0.8//m the composition ratio of Fe/O is about 1. On the
other hand, the crystal structure of hematite is corundum
type with lattice parameters of a=5.0A and c=13.7A. The
density of hematite is calculated to be about 0.3 g/cm^ with
the consideration of the crystal structure. Similarly, the
crystal structure of FeO (wustite) is NaCl type with lattice
parameter of 4.3A. The density of FeO is also calculated to
be about 0.75 g/cm3. The film density of NT (I) specimens
are determined to be 0.7 g/cm^, described above. In the
film, the volume fractions of aF e i O s , FeO, metallic
elements and pores are designated as A, B, C and D,
respectively, then the following equation is obtained.

B+7.9C-u0xD
0.7, A+B-t-C + D = 1 00 13)

By the calculation for the elements in the film using Figure
11, the ratio of A:B:C is obtained as

A : B : C = 9 : 5. 5 14)

From equations of (3) and CO, the porosities of the oxide film,
D, are obtained as

D = 2 6 (%) (5)

This value obtained with some assumptions indicates that
there are many pores of 26 % volume fraction in the oxide
film, and that dissolved oxygen or other impurity ions can go
through the film by the use of these pores from the surface
of the film up to the base metal.

Reflections to the Design

From the standpoint of the design for ATR
Demonstration Reactor, the erosion data of the present study
are to be used for the outlet pipe durability. Pipe thickness
necessary for mechanical strength, t is calculated by the
equation as

PDo
2 0 0 Sm * 0. 8 P •

where P, Do and Sm are inner pressure, outer diameter and
maximum allowable stress, respectively. The thickness t is
calculated as 3mm, whereas the thickness of the design is 7.6
mm for the outlet pipes. The difference between 7.6 mm and
3 mm becomes to be 4.6 mm. The erosion loss of the straight
pipe is obtained as about 13/im/year by the present data of
NT test. If the reactor life for operation is 30 years, the

erosion loss of the pipe is simply calculated as about 400
/<m/30years. Then, it is concluded that the erosion loss of
.the outlet pipe for the reactor life, 400/1 m, is much smaller
than that of the surplus thickness of 4.6 mm.

The erosion data of the present study yield the
estimation of cobalt release from outlet pipes to the coolant
of the primary reactor circulation system. Cobalt is the
main sourse of radiation doses in the reactor. In the ATR as
well as BWRs, radiation exposures at annual inspection
periods resulted from components and pipes in which many
""Co deposited as cruds. If stainless steels with low cobalt
impurity of 0.05 % are used for the outlet pipes of the ATR
Demonstration Reactor, cobalts are less released to the
coolant than those by the use of ordinary stainless steels with
cobalt impurity of 0.25 96, which causes less radiation
exposures for us. By the use of the present erosion data,
quantities of cobalt release from outlet pipes by erosion are
to be calculated as follows.

1. stainless steels with 0.2 5% Co

g r g i
170 [m'-hrj

^ — 1 ^ ^p-=853j -^- |

s t a i n l e s s s t e e l s with 0.0 5uo Co

If stainless steels with 0.05 % Co are used for outlet pipes
instead of those with 0.25 % Co, cobait releases by erosion
are reduced from 853 g/year to 171 g/year.

Erosion Model of Water-Vapour Two-Phase Floy

As described above, the erosion losses of straight pipe
were almost constant for two-phase fl - velocities of the
present study. Here, we have proposeo an erosion model
under water-vapour two-phase flow conditions and by the
model we have interpreted the present erosion data well.

For the flow mechanism of annular two-phase flow,
several modeis have been proposed as laminar flow model by
Shearer (8) and Willis (9), turbulent-laminar flow model by
Calvert (10), turbulent-transition-laminar flow model by
Anderson (11) and Deissler (12), and large-disturbance and
sublayer flow model by Sekoguchi (13). These models have
almost been obtained by the application of models for single-
phase flows. However, the large-disturbance and sublayer
flow model involves physical meanings of r*o-phase flow
mechanism and is supported by flow experiments. The large-
disturbance liquid waves (LD waves) proceed smoothly on
sublayer flows. The speed of LD waves is one order higher
than that of sublayer (13), so that the attack of LD waves on
pipe surfaces is weak, we think. Entrainments are produced
near the top of the LD waves by the attack of acceralated
steam flow as shown in Figure 13.

ENTRAPMENT
SUBLAYER LARGE-DISTURBANCE WAVE

/ ySTEAM

-TWO-PHASE -L.0W

Figure 13 SCHEMATIC DIAGRAM OF ANNULAR

TWO-PHASE FLOW
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The erosion loss of straight pipe is contributed mainly
by sublayer kinetic energy, not by LD waves, we think. Then,
the erosion loss ER is expressed as

r t
19)

where PL,AS, VS, r and t are liquid density, the cross
section area of sublayer flow, the velocity of sublayer, pipe
radius and flow length, respectively. Furthermore, the
following equations are obtained.

As = i t s ( 2 i - t s )
As VS = (J3

HOI

a i)

Where ts and Qs are sublayer thickness and sublayer volume
flow rate (nv/sec), respectively. H values of ts and Qs are
clear, erosion loss can be estimated by the above equations.
However, there are no informations about these values at
about 280 °C, except tho&j at room temperature (13).

The extensions of these values at room temperature to
those at 280 °C were performed in this work. With medium
of flow pattern variables which determine two-phase flow
pattern, these extensions were performed because the flow
pattern variables were considered to be independent of flow
temperature and pressure. The flow pattern of two-phase
flow has been classified with variables of steam quality and
mass flux (kg/m2.sec) and also with variables of two-phase
flow velocity and mass flux. Actually there are direct
correlation in the flow pattern of two-phase flow between
steam quality and mass flux by Yanai (1*) and between the
superficial steam velocity, Vo°, of two-phase flow and mass
flux by Sekoguchi (13). From the considerations described
above, j/e have expressed mass fluxes as the functions of
steam quality and superficial steam velocity.

F(x. V o ° ) , 112

where Gs, Go and F are mass flux of sublayer flow, total
mass flux of two-phase flow and the function of x and Vo".
Then, the following equations are obtained as

For instance, calculations were performed with the use of
equation (IS) in order to interprete the erosion data of AVT
(II) test. In this case, W is constant, so that the erosion loss
is expressed simply as

The function F are obtained from the room temperature data
(13) for x=0.26 and VS corresponding to AVT (II) test. Figure
14 shows the result of calculations by this method, which is
similar to Figure 6. The erosion model proposed here for the
water-vapour two-phase flow has interpreted the erosion data
of the present study very well. The physical meaning of the
erosion model is as follows: When the flow speed of two-
phase flow increases, the thickness of sublayer flow
decreases as equation (17). When the flow speed of two-
phase flow decreases, the thickness of sublayer flow
increases. So that, the kinetic energy of sublayer flow might
be nearly equal for both cases as shown in equation 0".
Actually, erosion losses of the present tests were obtained
almost constant for various flow velocities.

CO
CO _o *L

55 i
o •
DC
Lii

Figure 1*

30

20

10

n

x =

1 •
•

=0.26

0 10 20 30 40 50

STEAM PHASE VELOCITY, VG m sec

RESULTS CALCULATED BY THE MODEL
PROPOSED FOR EROSION LOSS, AVT (II)

z r'
W

r. r !

i=WF( x,

(13

114)

aa

where W is total mass flow rate (kg/sec). By the use of
equations (10) (15), equation (9) becomes as

p __ ft. Qs ' _ W| F(X, Vr." ) I '
"2ira s 2i'<ft,rti(2r-t!) .

On the other hand, the sublayer thickness of two-phsie flow
is to be expressed as

If the superficial gas velocity increases, the thickness of
sublayer flow is considered to be reduced, which relation is
also obtained by experiments (13). Consequently, substituting
equation (17) to equation (16), one obtains the following
equation.

Generally speaking, erosion losses of pipe are expressed
by the following equation, we think.

,' W'Vc"(F(x, V ) [»
I -iffVft rJ + L D

where Ox> L.P, AB, Lo, EN and ST are functions of dissolved
oxygen in the flow, of lattice packing in crystal, of atsmic
bond in crystal, of large-disturbance wave, of entrapment
and of steam, respectively. For straight pipe, functions of
Lo, EN and ST do not contribute to erosion loss, as described
above. For bending pipe, large-disturbance waves,
entrainments and steams collide at the curving position of
the pipe, so that functions of Lo, EN and ST contribute to
erosion loss very well. If the dissolved oxygen in the flow is
high, erosion lo s becomes large, that is, the function of Ox
contributes to erosion in this case. As for materials, if the
crystal lattice packing of a material is dense and the atomic
bonds of a material is strong, erosion loss becomes small,
because dissolved oxygen or impurity ion in the two-phase
flow cannot easily penetrate into the crystal to cut the
atomic bonds to make oxide. The functions of LD and A B are
involved in equation (20) in this way. Here, equation (20) has
been proposed for all types of erosions under water-vapour
two-phase flow conditions.
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CONCLUSION

1. Erosion experiments to type 316L stainless steel under
water-vapour two-phase flow were performed by the use of
Component Test Loop for the outlet pipes of ATR
Demonstration Reactor. Experiments were performed with
three kinds of test conditions as NT (I) (120 ppb DO, pH 7,
steam quality 16°6), AVT (I) (^,2 ppb DO, pH 10, steam
quality 14%) and AVT (II) (s.2 ppb DO, pH 9.7, steam quality
26 %), in which steam velocities of two-phase flow were
changed in the range of 10 —50 m/sec. Results of the
erosion loss were as follows.
(1) NT (I) tests : 9 - 1 3 ^ m / y e a r
(2) AVT (I) tests : l~3/um/year
(3) AVT (II) tests : 1-2/nm/year
Values of the erosion loss are almost constant for the
velocities of two-phase flow. The erosion loss of NT (I) tests
is larger than those of AVT tests, which is caused by the
difference of dissolved oxygen contents in two-phase flows.

2. From the standpoint of the design for outlet pipe,
thickness necessary for mechanical strength is 3 mm and the
design thickness is 7.6 mm. The erosion loss is estimated to
be 400;«rn/30 years, which is much smaller than the surplus
thickness of 4.6 mm.

3. An erosion model was proposed with the consideration
of sublayer flow, large-disturbance flow, entrainment and
steam in the annular flow. For straight pipe, it was
considered that the sublayer kinetic energy only contributed
the erosion loss of the pipe. In the model, erosion loss under
water-vapour two-phase flow conditions was expressed by the
equation (13), which interpreted the presend data very well.
Furthermore, erosion losses were expressed by the equation
(20) for general cases including bending pipe.

4. By the use of the erosion data of the present study,
cobalt releases from outlet pipes to the coolant of the
primary reactor circulation system were estimated as 853
g/year for stainless steels ordinary used and as 171 g/year for
stainless steels with low-purity cobalt. If stainless steels
with low-purity cobalt are used for the outlet pipes, lower
irradiation exposures are anticipated.

5. Analyses of oxide films on specimen surfaces gave the
following informations.
(1) The chemical formulae of oxide films were determined

by X-ray diffraction analyses as mainly aPe,O, and
FeO.

(2) The depth profiles of oxide films were determined by
AES analyses, in which oxygen and metallic elements
were quantitatively obtained in the oxide films. The
thickness of the films and oxygen content in the films
were larger for NT tests than those for AVT tests,
because the dissolved oxygen in the two-phase flow for
NT tests were higher than those for AVT tests.

(3) The densities of oxide films were obtained as 0.7 ~ 1
g/cm3.

(4) The porosities of oxide films were estimated to be 26 %
in volume. There are many pores in the oxide films.
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NEUTRON IRRADIATION INDUCED EFFECTS IN ZIRCALOY-2

R.A. HERRING AND M.H. LORETTO
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ABSTRACT

Zircaloy-2 samples which have been neutron
irradiated to doses of~20 dpa at 690K have been
examined. The observations show that the pre-existing
precipitates undergo irradiation-induced dissolution
and solutes segregate to grain boundaries to form
irradiation-enhanced precipitates and solute
concentration gradients. The irradiation-induced
dislocation structures in the matrix consist of dense
loop and network dislocations, having Burgers vectors,
52 =i/3<u20>,as well as a high density of c-component
dislocations. The significance of these observations is
discussed in terms of current theories of neutron
damage and irradiation growth of Zircaloy-2.

INTRODUCTION

Zirconium alloys are ussd in the nuclear industry
because of their much lower neutron absorption per unit
strength than other commercially available structural
materials. Solutes are added to Zirconium to increase
its strength, corrosion resistance, and recombination
of point defects. For these reasons it is of interest
to know the behaviour of solutes in Zircaloy-2 during
neutron irradiation. This paper presents results of
analysis carries out on unirradiated and irradiated
Zircaloy-2 and it has indeed been found that there are
significant differences both in the distribution and in
the composition of the precipitates in the two sets of
samples. The present work is concerned also with an
assessment of the nature o£ damage in neutron
irradiated Zircaloy-2 and results obtained from this
work have been used to propose the mechanism of growth
in Zircaloy-2.

MWERTAL

TWO thin foil specimens which had beien neutron
irradiated (E>1 MeV) as bulk material at EBR-II,
^rgonne National Laboratory West, at 690K to a fluence
of ~20 dpa were supplied by c.R.N.L, Atomic Energy of
Canada Ltd. . No detailed solute composition was given
with the specimens. However, zircaloy-2 consists of
1.2-1.7 wt%Sn, 0.07-0.20wt%Fe, 0.0.5-0.15wt%Cr, 0.03-
0.08wt%Ni and an oxygen limitation of <1500 ppm, with
the balance Zr. Annealed crystal bar Zircaloy-2
material with the above compositional restrictions was
also supplied by A.E.C.L..

EXPERIMENTAL TECHNIQUE

The annealed Zircaloy-2 specimens were made into TEM
thin foils by electro-chemicaiiy thinning the specimen
in a 5:1 methanol-perchlorie acid solution at ~220K,
using an electrical potential oS 13 volts. The neutron
irradiated zircaloy-2 specimens were supplied as TEM
thin foils.

All microanalyses were carried out on thin samples
on an EM400T STEM (scanning Transmission Electron
'iici-yrrape) interfaced to an EDAX 9100/60.

: :ration was carried out using the K-xray lines

for Zr, Pe, Cr and Ni and L^xray line for Sn, ard a
standardless programme which has been checked against
a variety of standards. Concentration profiles
associated with the precipitates and grain boundaries
were obtained by carrying out analyses at 40 nm
intervals away from the interfaces.

The irradiation damage in the form of dislocations
were analysed using TEM electron diffraction
techniques in which a good reveiw has been given by
Carpenter (1).

RESULTS

The neutron damage in Zircaloy-2 irradiated at
690K to ~20 dpa consisted of a dense dislocation
network and loops, Figure 1. The predominant
dislocations had Burgers vectors of b =i/3<ll2o>.
However, no loops could be individually characterized
because two beam diffraction conditions could not be
obtained due to the high dislocation density,
creating multiple beam conditions.

In addition to the a-component dislocations, there
were dislocations having a c-^omponent present,
Figure 2, which are the same dislocations reported by
Gilbert and Holt (2). These (Jislocations could be
seen only when using a +0004cj diffracting vector,
which did not enable them to be analysed for their
Burgers vector or habit plan©. However, in an
annealing experiment in which one specimen was heated
to 1075K in a vacuum, most of the a-component damage
was annealed out leaving only the c-component damage.
The c-component damage showed good contrast using the
tlSlOg and the +0250g_, suggesting that the
dislocations do not have b =i/!2<0001>. As well, the
dislocations never showed fault contrast, as a b. = 1/4
<2Ql3> dislocation does, suggesting that they have
one of the six possible b »i/3<iii3> or a complex
burgers vector similar to that seen in irradiated
titanium (3), such that the g-bxu= 0 diffraction
conditions are never satisfied. In addition, the c-
component dislocations did not lie on any particular
habit plane, suggesting their movement by climb
rather than by glide.

SOLUTE SEGREGATION AND RE-PRECIPITATION

In order to assess solute segregation in neutron
irradiated Zircaloy-2, chemical microanalysis must be
carried out also on unirradiated, annealed Zircaloy-

(a) As received, annealed Zircaloy-2.
In the matrix a trace amount of Sn was detected

witb the balance Zr. Two types oS precipitates
existed. Large Zr-Ni-Fe precipitates, Figure 3,
analysed as having a Ni/Fe ratio of ~45/55 and
smaller Zr-Cr-Fe precipitates, Figure 4, analysed as
having a Cr/Fe ratio of 54/4t>. MO solute composition
gradient could be detected around the precipitates.
The size, shape and composition of these precipitates
closely resembled those reported by Chemelle et.
l(4) i l d i l 2y y

al.(4) in annealed zircaloy-2, ie. zr2N
and
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Finure 1: .NEUTRON DAMAGE IN SIRCALOY-2 CONSISTING OF
A HIGH DENSITY OF LOOPS AND NETWORK DISLOCATIONS.

FIGURE 2: HIGH DENSITY OF C-COMPONENT DISLOCATIONS
SWDWNC THE INFLOENCE OF STRESSED REGIONS ON THEIR
MORPHOLOGY, SUCH AS AT 1.) A GRAIN BOUNDARY ; 2) A
ZIRCONIUM HYDRIDE AND GRAIN BOUNDARY. FIGURE .1: LARGE ZR-HI-FE PRECIPITATES SEEM IM

ZIRCALCBf-2 SHOWING a) X-RAY SPECTRUM, AND
PRECIPITATES IN b) ANNEALED, AS-RECEIVED MATERIAL,
AND C) MEUTRON IRRADIATED "1ATERIAL.
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FIGURE 5: THE CONCENTRATION PROFILE OF FE AND CR
ARDOND THE ZR-CR-FE PRECIPITATES (SEE TEXT), WHICH
HAS BEEN FORMED DURING NEUTRON IRRADIATION. SIMILAR
CCWCENTRATION GRADIENTS UERE ?OUND TO EXIST IN LOCXL
REGIONS AT THE GRAIN BOUNDARIES, WHICH REACHED
flAJCrflOTf CONCEffTRATrOCK OF ASOOT/D 3 AT», AT W ?
BOUNDARY.

FIGURE 4: 2R-CR-FE PRECIPITATES SEEN IN ZIRCALOY-2,
DISTRIBUTED EVENLY THROUGHOUT THE GRAINS, SHOWING a)
X-RAY SPECTRUM, b) PRECIPITATES IN ANNEALED AS-
RECEIVED MATERIAL AND c) PRECIPITATES IN "JEUTRON
IRRADIATED MATERIAL. NOTE IN c) THE GRAIN BOUNDARY
MIGRATION.
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2rCru Feg_9, the only difference being the detectable
presence of some Cr in isolated Zr-Ni-Fe precipitates
and some ^i in isolated Zr-Cr-Fe precipitates. No
grain boundary precipitates were observed but some Fe
(—0.2 at%) could be detected at the grain boundary.

(b) Heutron-irradiated zircaloy-2.

In the matrix a trace amount of Sn, Fe (0.3-0.5
at%) and Cr (0.2-0.5 at%) were detected, with the
balance Zr. Four types of precipitates were seen to
exist, two of which were of the same composition as
those precipitates in the as-received material,
Figures 3 and 4. However, after irradiation it was
found that a composition gradient of Cr and Fe
existed around the ZrCr(, Fen? precipitates, Figure 5,
and the surface of the zr N i ^ F e ^ precipitates
changed from smooth to irregular. The other two types
of precipitates existed at the grain boundaries. One
type was thin and irregularly shaped and was found to
have a composition corresponding to Zr4Niq,Fe0>8,
Figure 6, but no composition gradient could be
detected around these precipitates; they were however
invariably associated with a-zirconium hydrides. The
second type of grain boundary precipitates were zr-
Cr-Fe of variable composition, Figure 7. A
composition gradient of Fe and Cr was associated with
these precipitates. Additional composition gradients
of Fe and Cr commonly existed up to grain boundaries
reaching a maximum Fe and cr concentration of ~3 at%.
On some grain boundaries Cr, Fe, and Ni could be
detected. However, it should be made clear that the
irradiation-induced precipitates, solute
concentrations, and solute concentration gradients
existed in local areas at the grain boundaries and
were not evenly spread throughout the sample. In
addition, the Zircaloy-2 specimens had an a-axis
texture, ie. the grains were oriented so they had
foil normals equal to <10l0> or <1210>. As a result
inosfc grains had low-angle boundaries.

The oversized solute Sn segregates little, yet
higher than matrix concentrations were sometimes
found in the vicinity of the Zi^Ni^Fe^ precipitates
and at triple points.

Table 1 lists the differences found in the as-
received annealed material and the neutron irradiated
.Tiaterial.

It should be mentioned that the results presented
here ace of a preliminary study and considered
tentative and may not give the full account of solute
segregation and precipitation in neutron irradiated
Zircaloy-2.

DISCUSSION

Simple mechanisms for some of the complex
solute/point defect interactions will be proposed and
held as tentative until further characterization of
the inicrostructure has been performed.

DISSOLUTION OF PRECIPITATES

The segregation of solutes is believed to be
initiated by the dissolution of pre-existing
precipitates. The dissolution of precipitates by
neutron irradiation is characterized by the Fe and Cr
solute concentration gradient profile existing around
the ZrCr, j F e ^ precipitates and by the irregular
surface o'f the Zr2>!i0>4Fe0>6 precipitates. The

dissolution is likely due to displacement cascades
causing displacement of solutes from the precipitates
surface into the matrix, as well as, by the shift in
solute solubility. The solubility limit of solutes in
the matrix is enhanced by the presence of
irradiation-induced vacancies. The vacancies should
be stabilized by their binding to Sn resulting in
their decreased mobility to sinks. Thus a slightly
higher than thermal equilibrium concentration of
vacancies should exist, which is equivalent to
holding the material at a higher temperature. As a
result, the flux of the solutes out of the
precipitates is greater: than that into the
precipitates. However, a Ni and Fe concentration
gradient was not detected around the Zr-Ni-Fe
precipitates, although a concentration gradient is
expected to exist.Ni is a much faster diffuser in 3r
than are Cr and Fe (5) and is expected to escape from
the precipitates easily, TWO possibilities may exist
for the lack of detectable Fe around the zr-Ni-?e
precipitates. The first is that these precipitates
are dissolving more slowly than the zrCr,,FeQ_9
precipitates, not allowing Fe or Ni concentration to
build up, which is unlikely due to the high
concentration of Zr-Ni-Fe precipitates at the grain
boundaries. The other is, speculatively, Fe may form
a dimer with Cr decreasing their diffusivity and
allowing their concentration to build up around the
Zr-Cr-Fe precipitates, whereas Fe and Ni do not form
a dimer, maintaining their high diffusivity in Zr.

SEGREGATION OF SOLUTES TO GRAIN BOUNDARIES

The segregation of Fe, Cr and Ni solutes to the
grain boundaries can be explained by the inverse-
Kirkendall effect, although it is difficult to prove.
The reasoning proceeds as follows. The models
developed to explain irradiation-induced growth in
Zircaloy require an excess of interstitials to
annihilate at dislocations and an excess of vacancies
to annihilate at grain boundaries. In addition, for a
new intsrraetallic phase to form a local excess
vacancy concentration is required to avoid
irreversible thermodynamics, suggesting excess
vacancy annihilation at grain boundaries in Zircaloy-
2. In other Ziconium alloys, such as the zr-Nb alloys
this mechanism would not apply as vacancies
predominantly annihilate at dislocations (6) which
results in an isotropic distribution of irradiation-
enhanced precipitates (7), throughout the alpha-Zr
grains. The inverse Kirkendall mechanism proposed is
illustrated in Figure 8. For zircaloy-2 a vacancy
flux flows to the grain boundary and an interstitial
flux flows away from the grain boundary. Inorder for
this mechanism to work, the SlAs diffusity away from
the grain boundary must be greater than the
interstitial solute diffusivity. This assumption may
possibly be reasonable due to the greater lattice
misfit or relaxation volume associated with the SIA
than with the interstitial solute. The greater the
relaxation volume the more the next-nearest
neighbours to the interstitial are pushed aside,
allowing the interstitial to move into the next
interstitial position. The small undersized solutes
of Ni, Fe and Cr may thermally diffuse faster than zr
due to their lower formation energy. However, it is
possible that the SIA has a lower migration energy
than Ni, Fe and Cr. If segregation of Ni to the grain
boundary is not by the above mechanism since Ni is a
very fast diffuser in zr, then the Ni interstitial
may just diffuse rapidly through the crystal, get
stuck at a large sink such as a grain boundary, have
rapid diffusion along the grain boundary and then
precipitate with Fe. In addition, dislocations which
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ENERGY (K«V1

FIGURE 7: THE Zfc-CR-FE PRECIPITATES OF VARIABLE
COMPOSITION, FORMED AT GRAIN 0OOTJDARIES SUaWK a) X-
RAY SPECTRUM AMD b) PRECIPITATE AT GRAIN BOUNDARY.

"fie.

6: THE SMALL W-NI-FE PRECIPITATES FORMED
D'JRIHC NEUTRON IRRADIATION AT THE GRAIM 30UNDARIES,
SHOl-fING a) X-RAY SPECTRUK, b ) , c) AND d) PRECIPITATES
AT GRAIM TOUNDARIES.

FIGURE 3: irrrtRSE KISKEMDALL EFFECT PmUCEB >IEAR A
DEFECT SINK, SUCH AS A GRAIN BOUNDARY, 0" A 3IMARY
ALLOY OF ELE?1EOTS A AMD 3, 3Y A VACANCY FLUX (SEE
TEXT) .
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Table 1

Summary of Solute Segregation and Precipitation in

Neutron Irradiated Zircaloy-2

As-received

annealed material

Neutron-irradiated

material

Sn detected in matrix

Sn and Fe detected at grain
boundaries

No solute concentration gradient
at grain boundary

Two types of metallic precipitates
(1) Zr 2Ni 0 4Fe 0 6

(2)

Sn, Fe, and Cr detected in matrix

Sn, Fe, Cr and Ni detected at some
grain boundaries

Local Fe and Cr concentration
gradients around grain boundaries

Four types of metallic precipitates
(1) Zr 2Ni 0 4Fe 0 6

(2)

(3)

(4)

No solute concentration gradient
detected around precipitates

(3) and (4) at grain boundary only

Solute concentration gradient
detected around Zr-Cr-Fe
precipitates
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have a very high density in the irradiated material,
will be competing for interstitials. Because SIAs
have a larger strain field than the interstitial
solutes of 'li, Fe and Cr, SIAs will interact more
strongly with dislocations, allowing the undersized
solutes to more easily diffuse through the crystal,
to annihilate eventually at a grain boundary.

The inverse Kirkendall mechanism described above
is difficult to test experimentally because a
continuous flux of one point defect type to the grain
boundary would be necessary inorder to measure that
particular point defects influence on the solutes
segregation behaviour.

PRECIPITATION OF SOLUTES AT GRAIN BOUNDARIES

The precipitation of solutes at grain boundaries
resulted in the predominant formation of precipitates
having a composition of zr4NiQi2Fe0<8.

 Tne formation of
these precipitates is believed' to be irradiation-
enhanced rather than irradiation-induced, ie. these
precipitates are closer to the thermodynamic
equilibrium state than the pre-existing precipitates.
The Zr4Ni-2 Fe-a precipitates were not found in the
unir ra6iate6 iraterial because the heat ttesrtunsnt has
not allowed sufficient diffusion of solutes to occur.
However, a Zr4Fe phase has been seen in a zr-13 wt%Fe
alloy (3), held at high temperatures for a long time.
The crystallographic structure of the Zr4Fe could not
be identified, but the interplanar spacings giving
the highest x-ray intensities matched those
identified by convergent electron beam diffraction of
the z r 4 N i 2 F e 8 precipitates. The precipitates have
large lattice'parameters, -0.65 run, resulting in a
dense diffraction pattern at the major poles which
did not allow the transmission of the 100 KeV
electron beam. However from the orientation and
symmetry of the lesser poles, two fold symmetry was
seen, the most likely structure of these precipitates
is either face-centred orthorhombic or C face-centred
monoclinic.

The zr-Cr-Fe precipitates of variable composition
at the grain boundary were seen to exist between Zr4
H i ^ F e ^ precipitates. Their formation is possibly
due to'the zr 4Mi 0. 2Fe a precipitates blocking the
grain boundary diffusion of Cr and Fe away from the
Cr-Fe concentration gradient, as no precipitates were
found at other Cr-Fe concentration gradients.

ANISOTROPIC DISTRIBUTION Of SOLUTES AT GRAIN
BOUNDARIES

The anisotropic distribution of concentration
gradients and grain boundary precipitates are likely
due to a number of possibilities, namely, 1)
anisotropic diffusion of SIAs, and possibly vacancies
in Zr, 2) anisotropic diffusion of solutes in zr
(which may diffuse differently than SIAs), 3)
anisotropic distribution of precipitates in the
matrix and 4) anisotropic diffusion of point defects
along grain boundaries, since grain boundaries have
variable structures in which preferential sites for
solute collection and nucl^ation of precipitates may
exist.

SEGREGATION OF SN IN ZIRCAtOT-2

The slightly higher than matrix Sn conct.itration
around the grain boundary precipitates may be due to
zr being taken up from the matrix during the

formation of the precipitates, leaving Sn to increase
in concentration in the precipitated region. The
slightly higher than matrix Sn concentration at
triple points may be due to Sn-vacancy binding and
the slightly greater diffusion of vacancies to the
triple point region than planar surfaces.

FORMATION OF C-COMPONENT DISWCATIONS

The grain boundary precipitates and the high
solute concentration in the matrix are tentatively
thought to be responsible fotf the formation of the c-
component dislocations. The grain boundary
precipitates ace expected to significantly alter the
mobility of grain boundary dislocations by blocking
their movement, creating high stresses between grains
where the precipitates exist. In addition, there are
two other sourses of stress, namely, 1) volume
expansion stresses due to the formation of the grain
boundary precipitates, and 2) stresses due co
incompatible growth strains between grains of
different orientation. The total stress within the
grains is expected to be relieved by the formation of
the c-component dislocations. In addition the
stacking fault energy necessary to form the c-
component dislocations shoald fce m&ifcedl'i reduced bv
the presence of the small, undersized solutes of Fe,
Cr and Ni in the matrix.

GROWTH IN ZIRCALOY-2

Irradiation growth in annealed Zircaloy has been
found to consist of three stages, namely, 1) an
initial rapid growth rate followed by, 2) a slow
growth rate at a steady state and then 3) a fast
growth rate termed 'Breakaway Growth1 (9,10).

The initial growth rate is expecteo to be due to
point defects forming loops and excess interstitials
annihilating at the pre-existing dislocation network
(~10exp(13) per m 2 ( I D ) and excess vacancies
annihilating at grain boundaries (12). This results
in an a-axis expansion since the network dislocations
have b = i/3<112"0> and a c-axis concentration. In the
Late.t~9eci.Qd of. the initial qrowth transient, the
dislocation loop population is expected to contribute
little to irradiation growth since approximately
equal numbers of vacancies and interstitial loops
exist (13).

In the second stage, saturation of growth begins
at a dose of ~ 5 x ].0exp(24) neutrons per m 2 or 1.0
dpa. The decreased growth rate is taken as evidence
that point defect annihilation has virtually reached
a steady state, either because almost equal fluxes of
interstitials and vacancies are lost to each type of
sink, giving a low strain rate, and/or because
recombination is very high. Recombination would be
enhanced by the increase in small, undersized
solutes, Fe, Cr and Ni presenc in the matrix due to
the dissolution of precipitates. The small undersized
solutes are expected to be segregating to the grain
boundaries, possibly via the inverse-Kirkendall
mechanism, as described earlier. Also during this
growth stage the dislocation microstructure changes.
The dislocation loop density reaches and saturates at
a density o f ~ 2 . 5 x 10exp(22) m 3 and diameter of 3
nm at 5 7 5 K (14), o r ~ 2 5 nm at 690K (15), both at ~
10exp(25) neutrons/m2 . As well the loops begin to
interact and form a dislocation network, reaching a
total dislocation line density o f ~ 5 x 10exp(14) m 2

(IS).
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Breakaway growth begins in annealed Zircaloy-2 at
-3.5 x 10exp(25) n/m2 (IS). Four microstructures
significant to growth now exist, namely, 1) high a-
component dislocation network, 2) high undersized
solute content (Cr, Fe and li) in the grains, 3)
aewLy footed Z.c-Ni-Fe arid Zr-Cr-Fe precipitates at
the grain boundaries and 4) high density of c-
component dislocations. Whenever large growth
strains are observed (>?0.1%), c-component
dislocations are present (2), which can be introduced
into the material during neutron irradiation (16),
such as those in Figure 1. The presence of c-
component dislocations can add another component of
mass transport in the caxis direction. The high a-
coraponent and c-component dislocation networks are
expected to establish tne high growth rate, with
excess interstitials annihilating at a-component
dislocations and excess vacancies either annihilating
at c-component dislocations and/or being transferred
by pipe diffusion to the grain boundaries. Both
possibilites exists, c-component dislocations
introduced by deformation were seen to change during
irradiation from edge dislocations to screw
dislocations without forming helices (2) which showed
that the screw dislocations were not absorbing point
iefects at a fast rate and fine scale but are acting
a- pipes for point defect diffusion. However, in this
s'-ady the c-component dislocations were found not to
be lying on glide planes, which implies movement of
the dislocations by climb which would have to be due
to point defect absorption. In addition, partitioning
of point defects to sinks from dislocations is
expected to occur because the vacancy is expected to
have a higher transport rate than interstitials along
dislocations (17).

The undersized solutes may aid in the
recombination of point defects, which induces their
segregation, but they may also aid in establishing
the c-component dislocation network. The same applies
to the formation of irradiation-enhance precipitates
at the grain boundaries. Thus the high solute content
in the matrix and presence of grain boundary
orecipitates are expected to influence irradiation
growth indirectly.

It "has tieen suggested fnat ttie •parti'titming oi
point defects to sinks is controlled by anisotropic
diffusion of point defects in zr, Kelly (18)
suggested anisotropic point defect flow to different
parts of the grain boundary due to internal stresses
generated by anisotropic thermal expansion. Woo and
Gosele (19) assumed interstitials to diffuse
inherently faster in the a-axis direction and
vacancies to diffuse randomly, resulting in
dislocationshaving a point defect bias differential
in which growth is then dependent on the orientation
of the dislocations within the crystal. This last
hypothesis has recently had some experimental
confirmation in which the annihilation of point
defects at grain boundaries results in an anisotropic
distribution of interstitial and vacancy locos
adjacent to the grain boundary (20).

CONCLUSIONS

1. Bce-eKistuws gcecigi-tates undergo irradiation-
induced dissolution.

2. The small, undersized solutes of Cr, Fe and Ni
segregate to grain boundaries,possibly via the
Lnverse-Kirkendall mechanism,in which excess
vacancies annihilate at the grain boundary and SIAs
diffuse faster than solutes are necessary.

3. Irradiation-enhanced precipitates of Zr4^i0.2r?
and Zr-Cr-Fe of variable composition form at the
grain boundaries.

4. Concentration gradients of Fe and Cr exist at

5. Both the irradiation-ennanced precipitates and
solute concentration gradients exist in local region.-
at the grain boundaries, suggesting that the sinking
of point defects to grain Boundaries is directionaily
dependent.

6. The solute Sn segregates little.

7. Breakaway growth in zircaloy-2 is most likely due
to the presence of a high density of a-component and
c-component dislocations, l^e c-component
dislocations could result from the stress within the
grains, and could indirectly result form the high
solute concentration of Fe and Cr in the matrix and
by the precipitation of solutes at the grain
boundaries.
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SOLUTE INTERACTIONS WITH ?OIMT DEFECTS IM HVEH
IRRADIATED ZIRCONIUM ALLOYS

Tt.A HERRING AMD M.H. LORETTO

University of Birmingham, England <315 2TT

A3STRACT

Samples of Zr, zr-0.5sn, zr-0.5Fe, Zr-0.5Cr, Zr-
0.5Ni, Zr-2.5Nb, Zircaloy-2 and the Excel Alloy have
been electron irradiated at high temperatures, >675
K, with lliev electrons to high fluences >2 dpa. The
nature of the clustered point defects has been
assessed and it has been shown that the oversized
solute, Sn, significantly traps vacancies, and the
undersized solute, Nb, significantly traps self-
interstitial atons, SIAs, in addition it has been
proposed that the snail, undersized solutes such as
"e, Cr and Ni in Zr undergo a replacement process
with the SIAs, which decreases the mobility of the
vacancies, enhancing recombination. It is thought
that Ni has little influence on point defect
behaviour in zr due to its low solubility. The
interstitial solute, oxygen, is argued to enhance the
clustering of vacancies.

INTRODUCTION

The aim of the work reported in this paper is to
assess the influence of solute additions on the. way
in which point defects cluster during irradiation of
Zr. Recent work carried out on neutron (1) and
electron irradiated Zr (99.8%) (2,3,4) has shown that
both vacancy and interstitial loops grow continuously
during irradiation. Thess observations, together with
the fact that voids are virtually never observed,
sets zr apart from all other metals, other than Ti,
and various suggestions have been put forward to
rationalize this. The high solubility of gases, a
Bias tern for dislocation loops which is larger for
snail loops (5), a bias term for dislocation loops
which is smaller for small loops (6), and the low
dilation associated with an interstitial
in Zr (4), have all been suggested as possible
reasons for the growth of vacancy loops. The fact
that the vacancy/interstitial nature of loops formed
during high temperature electron irradiation of Zr is
irfluenced by the surface normal of the samples has
been interpreted in terms of stress induced by the
growing oxide which is formed in the relatively poor
vacuum of the microscope (2-4). It seems unlikely
that vacancies formed in zr by oxidation give rise to
the vacancy loops in these experiments in view of the
influence of the foil normal and in view of the fact
that oxide growth takes place by oxygen ion diffusion
rather than by Zirconium ion diffusion (7).

In view of the lack of understanding of the
observations in Zr, an attempt has been made to
determine the influence of various alloying additions
on point defect clustering in a series of binary
alloys and in the more complex alloys, zircaloy-4 and
the Excel alloy.

HATERIALS

The thin foil specimens used for the HVEM
irradiation experiments were prepared from zone
refined single crystal Zr, crystal bar Zr, zircaloy-4
and the binary alloy stock material, (listed in Table

1) from which the binary alloys of 0.5 wt.v-ii, 0.5
wt.%Cr, 0.5 wt.%Fe and 0.5 wt%Sn were nade from, and
their analysis is given in Table 2. The Zr-2.5 wt.%fto
and Excel alloy are conmereial qrade naterial and
their detailed composition is not known. However,
their composition restrictions are listed in Table 3.
Some zircaloy-4 material had oxygen additions (ZrO2)
which reached a homogeneous comoosition of 1.5 wt.%.

T«bl«

Specimen Componicion (ug/g)

Crygtal
3«r

<35

<0.2

<0.25

40

<10

<50

<25

111

<5

74

<10

<5

<35

100

5

<40

<10

<25
-

<25

Zirc»loy-4

38

<0.25

<0.25

80

<!10

1000

<10

62

12

3000

-

29

<35

1310

-

17

1.54 wt.Z

<25

1.8

<S0

Binary
Alloy
Stock

3.5

0.2

0,2

50
to
50

25

65

10

110

10

9

35

111

-

50

40

25

-

25

Element

Al

B

Cd

C

Co

Cr

Cu

Hf

H

Fe

Mg

Ho

N

Mi

0

P

Si

Sn

Ti

U

W

PREPARATION OF THIN FOILS

Slices of naterial -75 urn thick were cut using a
slow-speed diamond saw. They were thinned on silicon-
carbide papers to ~25 urn thick usinq a grinding jig
which ensured that the faces of a slice remained
parallel. The slices were further thinned to ~10 urn
thick by use of a pickling solution consisting of 10%
HF-40* HUO3-50% H2O. The slices were put onto glass
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slides, held by wax and small 3 nm diameter areas
were covered with wax, protecting this naterial (from
further acid etching (using the same pickling
solution as before), which left these areas as snail
discs suitable for the final TEH preparation stage.
The final thinning process involved electrochemically
thinning the specimen in a 5:1 methanol-perchloric
acid solution at ~220 K, using an electrical
potential of 15 volts for Zr, 18 volts for the binary
alloys of NI, Cr, Fe, and Sn and Zircaloy-4 and 20
volts for Zr-2.5 wt.%Nb and the Excel alloy and 28 v
for Zircaloy-4 + 1.5 wt.%0. The process was stopped
once perforation of the disc occurred, after which
the specimens were rinsed in alcohol, dried in air on
filter paper and stored in a desiccator.

Material

Table 3

Commercial Alloys

specimen Composition
(wt%)

Inpurity
Specification

(pom)
H M OSn tfo "o

Zr-2.5Nb 1.5-1.7 2.3-2.7 0.6-1.0 <25 <65 1000-1500

Excel 3.0-3.5 0.5-1.0 O.S-1.0 <25 <S5 1000-1400
Alloy

Table 2

Binary Alloys

Aim:

Zr-0.5 vt.Z Cr

Zr-0.5 vt.Z Fe

Zr-0.5 vt.Z Ni

Zr-0.5 vt.Z Sn

Analysis

0.40/0.521 Cr, 200 ppm 0

0.46/0.502 Fe, 300 ppm 0

0.575/0.547 Ni, 1000 ppm 0

analysis not received

ELECTRON IRRADIATION OF SPECIMEN

HVEM irradiations were carried out in an AEI EM7
High voltage Electron Microscope. The specimens were
nounted into a +25 double-tilt heating stage. They
were heated to 475 K for 5 minutes to gass off
impurities, e.g. H2O, from the specimen's surface and
then allowed to cool to room temperature before
examination at 400 KeV, which is below the threshold
energy foe atomic displacement in Zc. \ suitable area
was found and the diffraction conditions established.
The specimens were heated to temperatures >675 K and
then irradiated at 1 MeV. Beam heating of 10-15 K was
expected. The temperature, vacuum, dose rate, fluence
and irradiation behaviour were recorded.

The displacement rates, G, were calculated from
the known beam current (5.53 x 10exp(-7) Amps) and a
value of the displacement cross-section, s, (31.7
barns at 1 MeV) deduced from Oen's tables (8),
assuming the threshold displacement energy to be 25
ev, such that,

...(1)

where A is the irradiated area, flattening as the
area increases. The irradiated area most consistently
used for f.rradiation purposes was ~25 um . However,
the spot size was sometimes reduced to ~5 um . This
gave displacement rates of 4.5 x 10exp(-4) dpa/s to
2 x 10exp(-3) dpa/s.

TEH ANALYSIS OF DAMAGE

The long term HVEM irradiation behaviour was
recorded by photographs taken at 5 to 15 minute
intervals during irradiation, while viewing the
damage using two beam electron diffraction
conditions. The dislocation loops produced during
irradiation were characterized by transferring the
specimens from the HVEM to a Philips EH400T for
examination at 100 KeV in which damage in foil
thicknesses of <0.5 um could be analysed.

The irradiation damage was predominantly in the
form of mixed dislocation loops. The nature oc these
loops was analysed by determining the sense of the
inclination of the loop plane to the electron beam
direction and obtaining images in +g (the diffraction
vector) (9,10). In the present work7 most of the loop
analysis could be done in this way with an electron
beam direction near <l2l3> and imaging with tl212g.

RESULTS

HIGH DOSE BEHAVIOUR

The HVEM irradiation damage structure was observed
in the tested materials at 675 K + 10 R and at ~4.5 x
10exp(-4) dpa/sec to Eluences of about 2 dpa at which
image overlap of dislocation loops made further
observations difficult. In the tested materials the
observations are summarised in Table 4.

In zone refined Zr and crystal bar Zr, the
dislocation loops formed quickly, some loops
coalesced to form a dislocation network while other
loops grew slowly, maintaining their loop identity.

The nucleation and growth of loops in the two
binary alloys of Zr-0.5Sn and Zr-0.5Ni
was very different.In Zr-0.5Sn the loops grew
quickly, coalesced and formed a dense dislocation
network by~0.5 dpa, whereas in Zr-0.5Ni the loops
grew slowly and very little coalescence of loops
occurred, resulting in the slow formation of a
dislocation network.

The formation of loops in 7r-0.5Fe and zr-0.5Cr
was similar. The fonnation of the loops varied during
the irradiation. In these materials some loops were
seen to shrink and the either stay at one size or
slowly disappear. Other loops grew continuously. For
a given fluence, the loop density was greater in the
Zr-0.5Cr than in the Zr-0.5Fe.



Table 4

Material
(wcZ)

Zr
(99.9Z)

Zircaloy-4
(1.54 Sn-

0.2Fe-0.1Cr
-0.130)

Zr-0.5 Sn

Irradiation
Temperature

00

675

675

725
775

875

675

Specimen
Oriental ion,
Foil Normal

(0001)
<1123>

<ioTo>

[0001]
<1123>

<ioTi>
<1120>

[0001]
<1011>

[0001]

[0001]

<io7i>

<ioTo>

Characterization
of loops

Burgers
Vectors,

b

1/3<112O>
1/3<112O>
1/3<1120>
1/3<1123>

type

1/3<1120>
1/3<1120>
1/3<112O>
1/3<1I2O>
1/3<1123>

r.ype
1/3<112O>
1/3<1I2O>
1/3<1123>
type +
other <c>
componenc
l/3<1120>

1/3<112O>
1/3<1123>
1/3<1123>
type

+ other <c>
componenc
I/3<1I2O>
l/3<1123>

. . type

NaCure
Identified

I-Interstitial
V-Vacancy

I + V
I + V
I + V

I + V*
I + V*
I
I

I
I

1

I + V*
I + V*

I

Approximate
loop size at
W 5 K,
M dpa

Tangles
form

20 nm

Tangles
form

High Dose Behaviour
and Comments

Continuous loop nucleation.
Coalescence of loops and
formation of dislocation network.

Continuous loop nucleation.
Formation of dense loop population.
Slow formation of dislocation
network.

* - at grain boundary only.

Continuous loop nucleation.
Coalescence of loops and
formation of dislocation network.
Vacancy loops form next to grain
boundary and small compared to
interstitial loops.

* - Z I » X V



Table 4 (conf d)

Material
(wcZ)

Zr-0.5 Cr

Zr-O.SFe

2r-O.5Ni

Zr-2.5Nb

Irradiation
Temperature

(K)

675

675

675

775
875

Specimen
Orientation,
Foil Normal

[0001]
<10?l>
<ioTo>

[0001]
<10t0>

(0001)

<ioTo>

<1213>
<1213>
<ioTi>
<ioTo>

Characteri zat ion
of loops

Burgers
Vectors

b_

'3<H2O>
1/3<1120>
1/3<1120>
t/3<1123>

1/3<1120>
1/3<112O>
1/3<1I23>

type

l/3<1120>
1/3<112O>
1/3<1123>
+ some <c>
component

1/3O120>
1/3<U2O>
1/3<112O>
1/3<112O>

Nature
Identified

I-Interstitial
V-Vacancy

I + V*
I
-
-

I + V*
I + V*

I + V*
-
-
-
-

V
V
V
-

Approximate
loop size at

•v-675 K,
M dpa

30 nm

60 nm

80 nm

10-20 nra

High Dose Behaviour
and Comments

Continuous loop nucleacion.
Some loop coalescence.
Formation of dislocation network.
Vacancy loops small;
* - X I » Z V

Continuous loop nucleation, some
coalescence of loops, loop growth
anisotropic, ie. some grou
continuously, some shrink and
sometimes disappear, some stay
at one size.
Slow formation of dislocation
network.
* - Z I > X V

Continuous loop nucleation
no apparent loop coalescence
continuous loop growth,
Slow formation of dislocation
network, strong tendency for
loop alignment along basal plane.
* - Z I < H

Continuous loop nucleation
slow loop growth,dense loop
population.
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The loops Eorraed in zircaloy-4 were mich finer an
denser than in Zr. These loops grew slowly and were
slow to form a dislocation retwork. In Zircaloy-4 +
1.5 wt.%0, the loops were on a much finer scale than
in Zircaloy-4 and took a long time before they could
be seen to exist,~0.5 dpa.

The loops in Zr-2.5Mb and the Excel alloy were
restricted in their growth. The dense loop populatior
made it difficult to follow the growth of individual
loops.

Some loops were seen to disappear during
irradiation, presumably due to gliding out of the
thin foil to the oxide/metal interface. As the loops
grew, their shapes often became irregular, and the
coalescence of two adjacent loops was often seen,
which led to the rapid formation of a dislocation
network. The formation rate of a dislocation network
was greatest with the zr-0.5Sn, followed by the zone
refined zr and crystal bar zr. The dislocation .
network formed in zr-0.5Ni appeared to take place
more by the growth and intertwining of loops than by
the coalescence of loops.

The nucleation of dislocation loops continued
throagViaut ittafiiation, even if a ViigVi dislocation
network had formed. The rate of loop nucleation
appeared to decrease during irradiation, though inaoc?
overlap by larger loops obscured the presence of
smaller loops. Thus it was difficult to judge the
nucleation rate of loops during irradiation.

Dislocation loop alignment along (0001) was
particularly noticeable in the specimens having their
foil normal orientated close to the prism direction.
Loop alignment occurred immediately in the Zr-0.5Ni
and at high doses in zircaloy-4. In Zr-0.5Sn loop
alignment was not noticeable as the dislocation
network predominated the entire structure.

CHARACTERIZATION OF DAMAGE

The character of the damage produced by HVEH
irradiation was found to tie dependent on the solute
addition.

The analysis of dislocations in electron
irradiated Zr and its alloys is difficult for several
reasons. These include asymmetric contrast (11),
precipitation of hydrides, Eoils which are bent
because of oxidation-induced stress and irradiation-
induced stress which leads to multiple diffraction
conditions, and further oxidation of the foil during
analysis.

A summary of the HVEM irradiation analyses for the
Zr materials is given in Table 4, which lists the
material, irradiation temperatures, specimen
orientation, characterization of loops (if possible),
the approximate size of the loops during the
saturation experiments at 675 K and ~1 dpa, high dose
behaviour and comments concerning the materials
irradiaion behaviour.

An approximately equal number of interstitial and
vacancy loops were seen to exist in nominally pure
Zirconium. Whereas, predominantly interstitial loops
were seen to exist in Zircaloy-4, Zr-0.5Cr, Zr-0.5Fe
and Zr-0.5Sn. Vacancy loops predominated in zr-2.5Nb,
Excel alloy and Zr-0.5Ni. Interstitial and vacancy
.loops appeared to exist in the Zircaloy-4 + 1.5wt%0
alloy, although asymmetric contrast did not lend 100%
confidence in the analysis.



8.23

The predominant Burgers vector of the loops is b =
l/3<112"0>. In prisn foils, loops havinq a c-conponent
similar to those characterized by Griffiths et. al.
(3), having b = 1/3<1123> were often seen. The
fluence required for the nucleation of the c-
component loop was greater for the Zr material with
solute additions than in relatively pure Zr. For
example, in Zircaloy-4 a fluence of 1 dpa was
required, wnere in Zr a fluence of 1/4 dpa was
required. The high density of a-component loops
prevented the full characterization of the c-
component dislocations. It is interesting to note
that the c-component loops were seen in the Sn
bearing zr alloys of Zircaloy-4, Zr-0.5Sn and the
Excel alloy but not in Zr-2.5Nb.

Another type of irradiation-induced c-component
dislocation was seen to be generated during
irradiation from interfaces such as at grain
boundaries, precipitate surfaces and from the
.-netal/oxide interface.

Only interstitial loops were found in Zircaloy-4
when analysed in the raid-grain region and around
network dislocations, until the loop population
adjacent to the grain boundary was analysed. At the
grain boundary both interstitial and vacancy loops
were found to exist.

uOOP FORMATION AT GRAIN BOUNDARIES

During some HVEM irradiations it was seen that
there was a difference in the loop nucleation and
growth behaviour adjacent to the grain boundary as
compared with the mid-grain region (12). In the
specimens Zr, Zr-0.5Fe, Zr-0.5Cr, Zr-0.5Sn and
Zircaloy-4f vacancy loops preferentially formed in
the region adjacent to the grain boundary and
interstitial loops were denuded. At 675 K the width
of the region denuded of loops, w, in Zr, Zr-0.5Fe
and zr-0.5Cr was seen to be~0.2 tm for interstitial
loops and—0.1 um for vacancy loops, whereas in
Zircaloy-4, w is~0.1 um for interstitial loops and
£0.1mn for vacancy loops.

The influence of the grain boundary was observed
in Zr and its alloys for specimens having
crystallographic normals ranging from the 0001 pole
to the 12"13 pole, but not in specimens whose normals
titled further towards the prism planes.

SOLUTE DISTRIBUTION IN ALLOTS

TO understand the influence of point defects with
the various solutes in the zr alloys, analytical
electron microscopy was used to determine how the
solutes were distributed. In the binary Zr alloys,
the additions of 0.5Fe, 0.5Cr and 0.5Ni exceeded the
solubility limit of these solutes in alpha-Zr, where
the concentration of intermetallic precipitates were
in 0.5Ni > O.SFe > 0.5Cr. The addition of 0.5Sn to Zr
did not exceed the solubility limit of Sn. However,
Sn displaces Fe and f'i, present in the stock material
as impurities, and a Zr-Fe-Ni precipitate existed in
a much greater concentration than in nominally pure
Zr.

Only Sn could be detected as a solute in the
,-natrix of Zircaloy-4 and 0.5Sn. Fe could be detected
at the grain boundaries in Zr-0.5Fe and Zircaloy-4
and Mi at the grain boundaries in Zr-0.5Ni.

Zr-2.5Nb and the Excel alloy exist as two phase

material, in which~0.5 iCTIb exists in the alpha-
phase of Zr-2.5Nb a n d ~ l wt*,(Nb+!to) plus 3 wt*Sn
exists in the alpha-phase of the Excel alloy.

DISCUSSION

CHARACTERIZATION OF DAMAGE

Binary Alloys

Trie binary alloys examined all showed a narked
predominance of interstitial loops except in Zr-0.5Ni
and zr-2.5Nb. In view of the observation that
nominally pure Zr forms roughly equal numbers of
vacancy and interstitial loops, it is necessary to
explain the relative increase of vacancy defects in
Zr-2.5Nb and Zr-0.5Ni and the relative increase of
interstitial loops in Zr-0.5Sn, Zr-0.5Cr and Zr-
0.5Fe. If the observations in nominally pure Zr are a
reflection of the intrinsic behaviour of point
defects in Zr then the observations made in the
binary alloys must be interpreted in terms of point
defect interactions with the specific addition. If,
however, the observations in nominally pure zr are
associated with interactions between the irradiation-
induced point defects and the impurities present in
Zr, the interpretation of the role of binary
additions will be more complex. Thus the possibility
of interactions between the alloying additions and
impurity atoms must be considered in addition to the
interactions between the alloying additions and the
irradiation-induced point defects.

In zr-2.5tlb, only vacancy loops have been
observed. Undersized solutes are known to strongly
trap interstitials (13), having binding energies on
the order of 0.5 eV. The trapping of SIAs by nb, an
undersized solute, decreases the SIAs mobility and
ability to cluster and form interstitial loops. The
major impurities in Zr-2.5Nb are oxygen (—1000 ppra)
and Fe (~250 ppm). Interstitial solutes such as
oxygen are expected to promote the nucleation of
vacancy clusters in quenching experiments by trapping
divancies (14). Thus oxygen could aid in the
formation of vacancy clusters. The role of Fe in
point defect clustering will be discussed when
considering the Zr-0.5Fe alloy where it will be
argued that Fe is not expected to influence the
results of Zr-2.5Nb significantly. The fact that
vacancy loops predominantly form in Zr-2.5Nb irnplies
that the vacancy could very well be the more mobile
point defect, with the SIAs being trapped long enough
by Nb to make them the slower moving point defect.
Vacancies have also been found to be the ,-nore mobile
point defect in AgAu alloys, having small additions
of Ag (15). in contradiction to this hypothesis, the
loops analysed in these materials were at relatively
high temperatures, >775 K, which was necessary for
the loops to grow to a size large enough for their
nature to be analysed. At these temperatures the
interstitial mobility may possibly be sufficient to
enable most of them to annihilate at the specimens
surface, which would enable vacancy loop formation in
the middle of the foil. Support for the hypothesis is
that in noninally pure zr both vacancy and
interstitial loops have been observed following
electron irradiation over a range of temperatures
between 575 and 775 K (2-4). Thus it is the pinning
of the SIAs by Nb and not the greater mobility of the
SIAs due to the high irradiation temperature, which
has enabled vacancy loops to predominantly form in
Zr-2.SNb.
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In the zr-O.oSn, the predominant loops fcrmed are
interstitial in nature, oversized solutes are '<nown
to trap vacancies (16), having binding enercies on
the order of 0.1 eV. Sn, an oversized solute, is an
effective vacancy trap, which may have a Sn,'vacancy
binding energy as hiqh as 0.3 eV (17). The oxygen
inpurity content in this alloy is unknown. The
interstitial is the nore mobile point defect in this
alloy which enhances interstitial loop formation.
This is supported by the fact that in this material
interstitial loops are denuded at some grain
boundaries during irradiation. The interstitial being
the more mobile point defect is preferentially
annihilated at the grain boundary, leaving an excess
of vacancies to cluster in the interstitial denuded
region.

Thus it appears as if a simple size-effect
criterion between the solute and host atom can be
used to explain the existance of a predominant type
of loop in zr-0.5Sn and zr-2.5Nb. in Zr-Q.5Sn, sn
traps the vacancies, leaving an excess of
interstitials to form loops. In Zr-2.5Nb, Nb traps
the SIAs, leaving an excess of vacancies to form
loops with, perhaps, oxygen enhancing th? nucleation
of vacancy loops.

It should be nade clear that just because
interstitial loops were not found to exist in the zr-
2.5Nb specimen does not mean that they co not exist.
The fact that the contrast from small lcops can be
hidden by larger, more dominant loops mans that
small interstitial loops may exist in this material.
This situation occurred in a zr-0.5Fe specimen in
which only interstitial loops could be analysed until
glide dislocations interacted with the Jarge loops
leaving behind small vacancy loops inherent in the
original population (18).

The predominance of one loop type in the binary
alloys of the transition elements Fe, Cr and Hi is
somewhat more difficult to explain. A possible
expanation for the existance of interstitial loops in
Zr-0.5Fe and Zr-Q,5Cr will be tentatively proposed,
with the aid of point defect properties in zr
determined by others. The reasoning proceeds as
follows. The relative relaxation volume of the SIA in
Zr is~0.6 atomic volumes (19), which is; small
compared to other metals. Fe and Cr intesrstitial
solutes being very much undersized would have even a
smaller relaxation volume. In addition, the thermal
diffusion of Fe and Cr in Zr are many oirders of
magnitude greater than the thermal Zr sulf diffusion
(20), suggesting that substitional Fe and Cr diffuse
through the lattice via an interstitialijy mechanism
which also creates a vacancy. Thus for the thermal
diffusion mechanism to work the strain field of the
small undersized solutes must be small and could be
close to being equivalent to that of the vacancy.
Note that this does not imply that the SIA is a
slower diffuser than the interstitial solutes of Fe
and Cr, as it is the formation energy which dominates
thermal diffusion. As well, Rutherford backscattering
measurements (21) have found that undersized solutes
occupying substitutional sites, upon moeting a Zr SIA
are displaced by the SIA into the interstitial
position. Thus the substitutional Fe and Cr solutes
may easily be put into the interstitial position L,y
interacting with an SIA. AS a result the SIA upon
meeting a small undersized solute occupying a regular
lattice site is effectively annihilated by the
solute, with the solute ending up diffusing through
the crystal as an interstitial. However, the above
mechanism is not expected to alter significantly the
SIAs mobility, for two reasons, namely 1) the

equilibrium solute concentration of Fe and Cr in
alpha-Zr is very low (<0.1 wt%) and 2) the SIAs
mobility in Zr-0.5Fe and Zr-0.5cr were measured to be
similar to that of SIAs in nominally pure zr, from
experiments which showed that the width of the
interstitial loop denuded zone at grain boundaries
formed during electron irradiation is similar in
these materials (12). In addition, there is limited
evidence from positron annihilation experinents which
show that sitiall additions of Fe, put into the
interstitial position presumably by the above
mechanism during electron irradiation, decrease or
destabilize the vacancy concentration at temperatures
>350 K. As a result, high local vacancy
concentrations take longer to develop than in
nominally puce Zr. It is also expected that in
relatively pure Zr, vacancy loop formation is
enhanced by the greater numbers of SIAs lost to the
thin foil surface, since the migration Energy,
Em(SlA) > an(vacancy), enhancing the vacancy
concentration in the mid-region of the foil, tlhereas
fewer SIAs are lost to the foil surface in Zr-0.5Fe
and Zr-0.5CL- due to their interaction with Fe and Cr,
resulting in a slower build-up of vacancies in the
mid-region of the foil. Thus interstitial loops
readily form, due to the SIAs having a high mobility,
and their formation predominates ovec vacancy loop
formation due to the the destabilizing influence of
interstitial Fe and Cr which decreases vacancy
mobility and local concentration.

In the Zr-Q.5Fe and 2r-0.5Cr alloys the oxygen
concentration is low (200-300 ppm) and is not
expected to markedly influence the loop growth
behaviour.

From the foregoing discussion, the Fe present as
an impurity in Zr-2.5Nb is not expected to have a
significant role in vacancy loop formation in this
alloy. The SIAs being pinned by Nb are expected to
outweigh Fe's destabilizing influence of the vacancy
populatic.i.

The proportion of vacancy loops in Zr-0.5Ni
appeared to be greater than interstitial loops, and
may be greater than in nominally pure Zr. This
behaviour is opposite to that observed with solute
additions of the other transition elements of Fe and
Cr. A tentative explanation will be proposed for the
predominant vacancy loop formation in Zr-0.5Ni. The
SIA/small undersized solute exchange mechanism
described fee Fe and Cr is expected to occur also for
Ni in alpha-Zr. However, because Ni is more
undersized than Fe and Cr in zr, and Ni is further
separated from zr on the periodic table than are Fe
and Cr, then from the Hume-Rothery rules, Ni
solubility in Zr should be significantly less than
that of Fe and Cr. In fact, the additionof 0.5 wt%Ni
to Zr decreases some of the impurity solute
concentration in Zr by removing Fe from the stock
material in which a high concentration of Zr-Ni-Fe
precipitates were seen to exist. As a result, the
vacancy concentration is not affected by the SIA/Mi
interactions, i.e. Ni interstitials, to the same
extent as that in the Fe and Cr binary alloys. In
addition, tho oxygen content is 3.3 to 5 times
greater in Zi:-0.SNi ( 1000 pprn 0) than in the F* and
Cr binary Zt alloys, which may enhance vacancy loop
formation in this alloy. Thus both vacancy and
interstitial loops form in Zr-0.5Ni. However, vacancy
loop formation is enhanced by the limited
concentration of Ni in solid solution and by the
presence of the impurity oxygen.

It should be mentioned that the properties of the
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transition elements are known to be influenced by
their many electronic states and interactions,
•.owever, the electronic interactions between solutes
and point defects are expected to become significant
only when the atomic size of the SIA and solute are
very close (22). Otherwise, the atomic size
difference of the SIA/solute dominates their
behaviour.

THE NATURE OF LOOPS IN THE CCPfPLEX ALLOYS

In zircaloy-4 the major alloying addition is ~1.5
wt%sn. The small additions of Fe and Cr have been
found to exist mainly in Zr-Cr-Fe precipitates. Fe
and Cr are expected to have a decreased solubility in
zr-sn alloys than in zr, from the fact that in zr-
0.5sn, precipitates consisting of 2r-Fe-Ni were seen
to exist, which implies that Sn may displace some of
the small undersized solutes from the alpha-Zr phase.

Interstitial loops predominantly form in the
Jiccaloy-4 alloy, presumably due to the significant
trapping of the vacancy by the oversized solute Sn.
However, even though vacancy loops were never
positively identified, except at grain boundaries,
their existance in the loop population is expected,
as large interstitial loops could obscure their
presence. Interstitial loops predominantly form as
interstitials are the more mobile point defect.

The oxygen impurity (~1300 ppm) in the Zircaloy-4
alloy is not sufficient to alter significantly the
clustering behaviour of vacancies. However, in
Zircaloy-4 + 1.5 wt.%0 (9 at.%0) vacancy loop
formation is believed to occur and vacancy loops make
up a significant fraction of the loop population. In
Zircaloy-4 + 1.5 wt.%0 loop formation requires a
long nucleation time and the loops are on a fine
scale, which suggests a high rate of recombination
and a large amount of point defect pinning by the
solutes.

Excel Alloy

In the Excel alloy only vacancy loops were seen to
exist, suggesting that the SIA is more strongly
pinned by the unaersized solutes of Nb and Ho than
the vacancy is to the oversized solute Sn. Thus the
binding energies Eb(SIA/(Nb + Mo)) > Eb(vacancy/Sn)
and the vacancy becomes the more mobile point defect.

HIGH DOSE BEHAVIOUR

The characterization of loops during HVEM
irradiation assists in the understanding of the
influence of solutes on Che loop saturation
behaviour. In general, increasing the solute
concentration in the alpha-Zr phase decreases the
size and increases the density of the damage. This
was clearly seen by comparing the size of the damage
Ln zr to 2ircaloy-4 at the same fVuence and
irradiation conditions. Comparing the size of damage
in the binary alloys at ~1 dpa and 675 K, it is
expected that the solubility in Zr for Cr>Fe>Ni,
since the loop size decreases in this order,
although vacancy loops pcedoainantly form in 3r-0.5Ni
whereas interstitial loops predominanty form in the
other two materials. Also, solutes decrease the
.•nobility of point defects which is expected to

enhance recombination and decrease the size of loops.
The addition of 0.5Sn to Zr does not restrict the
loop size. In this material a high density of loops
are nucleated, they grow and then interact to form a
dislocation network at low fluences, lower than in
nominally pure Zr. The 1CM Sn concentration is not
enhancing recombination, so as to restrict the loop
size. The vacancy mobility is markedly decreased by
the trapping of the vacancies by Sn, whereas the 3n
concentration is not sufficient to decrease the
mobility of SIAs. As a result, SIAs quickly interact
with the dislocation structure. A higher Sn
concentration such as in Zircaloy-4 is necessary to
decrease the mobility of both the vacancies and
interstitials, Inorder to restrict the loop size.

The slightly undersized solutes, Nb in Zr-2.5Mb
and Nb and Mo in the Excel alloy significantly
restrict the loop size which results in a very high
density of very small loops at 675 K. Mb's binding
energy with the SIAs should be about an order of
magnitude greater than Sn's binding energy with the
SIAs, based upon the size interaction of the solutes.
However, because Sn is more soluble than "ib in alpha-
Zr, its ability to decrease SIA mobility becomes
significant, la the comparison of Zr-2.5Nb with the
Excel alloy, it is difficult to judge if one material
behaves differently from another because of the high
density and small loop size in both materials.

UXDP FORMATION AT GRAIN BOUNDARIES

The width of the region influenced by the presence
of the grain boundary may be a function of the
irradiation temperature, the mobility of the
diffusing defects, solute concentration,
crystallographic orientation and thickness of the
foil. The fact that vacancy loops preferentially form
adjacent to the grain boundaries in the Zr, Zr-0,5Fe,
Zr-0.5Cr, zr-0.5Sn and Zircaloy-4, implies that
interstitials are preferentially annihilated at the
grain boundaries. This is expected since the
interstitials are more mobile than vacancies in these
materials and the annihilation of point defects at
grain boundaries should be diffusion limited, rather
than sink-reaction limited, since they have a very
high efficiency for point defects (23). The higher
mobility of interstitials than vacancies is also
emphasized by the fact that interstitial loops
preferentially form in the mid-grain region in these
materials.

In Zircaloy-4 the region of grain boundary
influence, w, appeared to be significantly less than
in Zr and the binary alloys. The oversized solute, sn
in zircaloy is not only pinning vacancies, making it
difficult to nucleate and grow vacancy loops, but is
also markedly decreasing the mobility of
interstitials. However, the mobility of interstitials
in Zr and the binary alloys are about the sane, since
w appears to be similar for these materials.

It is interesting to note that w for interstitial
loops was approximately twice that for vacancy loops
in Zr. This implies that the mobility, or mean free
path of the vacancy is ~l/2 that of the interstitial.
It is more difficult to speculate about their
migration energies form this observation as these are
exponentially dependent on temperature. However, this
observation does suggest a low vacancy migration
energy.

In Zr-2.5Nb and the Excel alloy the influence of
the grain boundary on dislocation loop formation was
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not investigated closely, although loops were seen to
be denuded in thin regions of the foils.

3y varying trie irradiation temperature it would be
possible to measure the nigration energy of point
defects and their binding energy to solutes in Zr by
measuring the change in w. These numbers are
necessary for modelling irradiation-induced growth
and irradiation-erinanced creep. The experimental
method to determine these numbers using w has been
discussed elsewhere (24), where it was concluded that
w is proportional to exp(Em/4KT).

The observation of the grain boundary influence
was seen for specicisns having foil normals, N,
ranging from <0001> to <l2l3>, for which the grain
boundary normals, G, had a strong a-axis component,
but not for ?•) orientated further towards the a-axis.
However, this observation is tentative as only a few
full analyses at grain boundaries having a-axis foil
normals were performed, in which no grain boundary
influence on the loop population was seen to exist.
If there happens to bs preferential diffusion of the
SIAs in the a-axis direction, there should be a large
w at N = a-axis and G = a-axis.

The characterization of point defect annihilation
at qcain ixxmdacies cannot be over emphasized as
grain boundaries enhance irradiation growth in
polycrystalline Zr by an order of magnitude greater
than in single crystal Zr, and they are probably
responsible for the continued growth in the
polycrystalline materials (25).

CONCLUSIONS

Several conclusions can be drawn from the HVEM
irradiation studies. They are:

1. Both vacancy and interstitial loops form in
nominally pure Zr.

2. The oversized solute, Sn traps vacancies,
resulting in interstitial loops forming predominantly
in 3r-0.5Sn and in Zircaloy-4.

3. The /-nobility of the SIAs is relatively high in Zr-
O.SSn and the loops quickly grow and form a
dislocation network. A higher Sn content is required
to reduce the mobility of SIAs significantly. Thus
the trapping of SIAs by oversized solutes is weak.
However, trapping of SIAs can become significant if
the oversized solute concentration is high in the
host metal.

4. The undersized solute, Nb significantly pins the
interstitial and vacancy loops predominantly form in
Zr-2.5Nb.

5. The vacancy is the more mobile point defect in Zr-
2.5Nb at temperatures >775 K, and possibly at lower
temperatures as vacancy loops readily form in Zr
below this temperature.

5. Vacancy loops form predominantly in the Excel
alloy and this suggests that the undersized solutes,
"to and Mo, trap SIAs more strongly than does Sn trap
vacancies. This results in the vacancy being the more
mobile point defect in the Excel alloy, at least, at
temperatures >875 K.

7. The small undersized substitutional solutes, Fe
and Cr, become interstitials by a replacement process
with the SIAs. They then destabilize the vacancy
concentration, reducing their mobility, such that

interstitial loops predominantly form in 2r-0.5Fe and
2r-0.5Cr.

8. The solubility limit of the snail, undersized
soluv.e, Hi in Zr is celativply Low, resulting in
nickel having little influence on point defect
behaviour.

9. The interstitial solute, oxygen enhances the
clustering of vacancies, resulting in enhanced
vacancy loop formation in zr-0.5Ni and 2ircaloy-4 +
1.5wt.%0.

10. The morphology of dislocation loops iotmed in the
region adjacent to the grain boundaries provides a
means to detect and measure point defect" properties
such as their migration energies, diffusion
characteristics, and their binding energies to
solutes.
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MEASUREMENT OF HYDROGEN AND DEUTERIUM IN CANDU PRESSURE TUBES

IAIN H. CROCKER AND JOHN P. MISLAN

Atomic Energy of Canada United, Research Company
Chalk River Nuclear Laboratories

Chalk River, Ontario, KOJ 1J0

ABSTRACT

The primary method at CRNL for the
determination of hydrogen and deuterium In
zirconium alloy* uaed In CANDU power reactors is
stable isotope dilution analysis. It has been
used for the analysis of thousands of samples,
Including ttiose resulting from the studies of the
Pickering-2 pressure tube failure.

INTRODUCTION

In considering the measurement of H and D In
aetals and alloys, the specific method to be used
Is commonly defined by the nature of the
Information needed and the availability of the
appropriate technique. If the requirement is for
spatially defined, surface, thin film, or very
small volume Measurements, Chen SINS, ion
channeling, nuclear reaction or tritium
auforadlography may be considered. Built
determlnetlona on samples between 25 mg and 1 gm
can be done by stable Isotope dilution analysis
(SIDA), vacuum or rare gas fusion, or vacuum
extraction.

When the pressure tube In fuel channel 6-16 of
Pickering Nuclear Generating Station A Unit 2
failed August 01, 1983, resolution of the problem
required rapid information input on many fuel
channel conditions. One essential requirement was
accurate Information about the concentrations of H
and D In pressure tubes, calaudria tubes and
garter springs, both in Units PI and P2, and, very
importantly, in the other operating CANDUs in
which Zr-Nb alloy had been used Instead of
Zircaloy-2.

Our method of choice was the mass spectrometrlc
stable Isotope dilution analysis (SIDA) procedure
tnat was developed at Chalk River Nuclear
Laboratories beginning in 1965, and continually
Improved and upgraded since then, with the most
significant advances being made in the past year
in aid of the Pickering pressure tube
Investigation*. In this paper we describe our
current procedure and apparatus for the
determination of H and D In very radioactive
zirconium alloy samples, giving estimates of
precision and accuracy attained, comparisoas with
other methods of determination, examples of the
results for the Pickering-related work, and our
projections for the next model of analyzer on
which we are alraedy working.

DESCRIPTION OF METHOD

The general method has been widely used In
nuclear studies for many years, and for taany
different elements in addition to R and D. It is
based upon the fact that when the element to be
msasursd Is equilibrated with a known quantity of
a tracer of the same element, but of different

known lsocoplc composition, determination of the
lsotiiplc ratio of the equilibrated mixture
provides directly the amount of the element
originally present in the sample, as shown in the
equation:

M-S
(1)

where N x - the number of atoms of the nucllde co
be determined; tty * i.he number of atoms of the
same nucllde in the spike; T - the ratio of the
abundances of two isotopes in the spike element
before mixing with the element to be determined; S
- the ratio of the abundances of the same two
isotopee in the element to be determined before
mixing with the spike; M - the ratio after mixing
and lsotopic equilibration of the spike and
element to be determined.

Hydrogen Is the tracer for deuterium, and vice
versa. The method is very sensitive; there is no
difficulty in determining < S mg/kg deuterium in
50 mg samples, I.e. < 0.25 ug-D. Inasmuch as Che
key measurement performed on the sample is simply
a determination of the relative lsotopic
abundances of the hydrogen isotopes in the
equilibration apparatus, quantitative extraction
and isolation of the "unknown" H or D is
unnecessary. Thus the method is very appropriate
for determination of gases in metals, such as
zirconium, that have strong getterlng qualities at
elevated temperatures. Naturally, conditions must
be such that differences in adsorption and
potential failure of equilibration are avoided.
Whan complete exchange betwoen all isotopes is
achieved only a small portion of equilibrated gas
Is needed for Isotope determination. As little as
10~* mL at s.t.p. Is adequate. The method
theoretically is absolute, but continual quality
assurance checks are run with standards of known H
and/or 0 content to ensure the absence of
solubility effects. Basically, the method
requires sample preparation, sample transfer to
the analysis line, tracer gas preparation and
introduction, equilibration of all H and D present
by heating, gas transfer to a mass spectrometer,
and Isotope abundance determination. (Figure 1).
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For tne PlcKertng reactor work miletpie samples
along the length and around the circumference of a
pressure cube were needed, so a remotely operated
metal punch was utilized to rapidly produce uni-
form sample disks weighing abouC 500 mg each.
They could have been ten times smaller if an
effective punch for the 50 rag size had been
available. They were cleaned ultrasonically in
acetone and dried. They were placed in Individual
quartz round-bottom flasks on the equilibration
apparatus, which was Chen evacuated Co - 10"1*
Pa. A carefully measured volume of either H or D
spike gas was incroduced into Che apparatus and
the samples were heated to 900"C for 10 minutes.
The temperature and cime have been chown to be
adequate for complete equilibration or the hydride
or deuteride and the spike gas. A small portion
of the equilibrated gas was then pumped directly
to the mass spectrometer source from each of the
sample flasks consecutively, and the hydrogen mass
spectrum was recorded in each case. From the gas
law equation and equation (1), and after deter-
mining a reaction blank, the amount of K or D was
determined from Che relative abundances of masses
2, 3 and 4 for each sample.

SPECIAL CONSIDERATIONS FOR VERY ACTIVE SAMPLES

A valuable aspect of this means of determining
H and D is the relative ease with which samples
with fields up to 500 Rem/h may be handled in
apparatus with limited shielded volumes. This is
because, of course, the measurement process is
done on non-radioactive gases, while the active
metal sample Is manipulated in isolation behind
robust shielding. The sample introduction and
equilibration apparatus is operated behind 5 cm or
more of lead, using remote handling equipment
whenever feasible. The gas handling apparatus and
mass spectrometer, conversely, are only lighcly
shielded, and even this is primarily because other
active gases such as Xe-133 are sometimes analyzed
on this equipment.

COMPARISON WITH OTHER METHODS

The other methods that are most often used
for determination of K and 0 in a Zr matrix are
vacuum or rare gas fusion and vacuum extraction.
These techniques are less sophisticated than SIDA
and would probably be the methods of choice if
they yielded result3 thac were the equal of SIDA
results. The four methods are directly compared
in Table 1; several advantages of SIDA are evi-
dent. The other three methods all rely on total
separation of cha hydrogen from the hydrided metal
at teaperacurea chat range from 1100'C to 2000°C.
Inasmuch as the solubility of U in Zr is signifi-
cant for all temperatures below about 1200*C,
higher temperatures are mandatory for non-SIDA
methods to ensur* efficient degassing of the
sample and maxlmun recovery of Che H. Equilibra-
tion of H and D, on the other hand, even when con-
siderable hydrldlng Is present, Cakes place
rapidly at 900°C or lower, permitting the use of
ordinary resistance heaters Instead of induction
heaters or special graphite Impulse furnaces. The
attainment of complete equilibration of the sample
and spike H isotopes is eadly verified by moni-
toring the change in relative abundances with
time. This is rarely needed in practice, but Is a
aost reassuring ability to have available. Thus

COMPARISON OF METHODS FOR
H - •> IN ZIRCONIUM ALLOYS

HARE

ITEM • SID* • VACUUM • VACUUM • GAS
FUSION EXTR FUSION

1 TOTAL GAS SEPN
(S NECESSARY

2 FURNACE TEMP
NEEDED <*C1

3 MM** ADEQUATE
REACTION TIME (mint

4. ANALYSES < t hours

5. DIFFICULTY WITH
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SAMPLES

*. COST OF
APPARATUS

7 MEASURE H Oft
OR D

1. PRECISION
(RSOt

9. S1AS

MO

900

S
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0 TO LOW
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1900 MOO TO
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reaction times are shortest for SIDA, except when
extreme temperatures are used, as with the LECO
2000°C Impulse furnace. The overall analysis
time, based on multiple sample preparation, is
hardly different from one method to another with
Inactive or low-actlvlty samples; there may be
difficulties with very active samples using non-
SIDA methods because of the larger samples the
latter require. SIDA is clearly the method of
choice for these.

Procuring the necessary apparatus for any of
the methods Is costly, mainly because of the
shielding, containment and remote handling equip-
ment needed for very active samples. Mass spec-
trometers are not cheap, but a low resolution qua-
drupole can be used for hydrogen isotope analy-
sis. If differentiation between EC and D in a
sample is a requirement, mass analysis of the
separated gas is needed for the non-SIDA methods
in any case, so that they then lose any
cost-competitiveness thac chey might have other-
wise enjoyed.

The best precision is provided by the SIDA
method, it has been shown CO be 2% RSD at 200 ppm
and 3Z it 30 ppm on hundreds of real samples.
Vacuum fusion or extraction Is frequently in the
range of 10%, and inert gas fuiion Is 3 to 52 at
200 ppm and 10 to ZOX at 30 ppn. When the samples
and the apparatus are properly cleaned and dried,
SIDA exhibits little bias, as demonstrated by
repeated analyses of two NBS unalloyed Zr stan-
dards, three NBS unalloyed Ti standards, and a Zr
- 2.5Z Nb alloy standard prepared and calibrated
at Chalk River. The only predicted biases would
be on the high side for H due to adsorbed
moisture, or, when the concentration of H is
small, from the contribution of D2+* and D

+ ions
to the mass 2 peak. A pre-measured calibration
curve minimizes this bias.

The vacuum extraction technique may produce low
values on occasion if carried out much below the
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fusion temperatures of the Zr alloys (- 1852°C
for unalloyed Zr). of ttie non-SIDA methods,
fusion techniques are least susceptible to low
bias due to incomplete separation of the hydrogen.

A PRACTICAL EXAMPLE

Application of the SIDA method to resolution of
the Pickering NGS problem is illustrated in Figure
2, which compares H concentrations found in
several operating nuclear reactors. When the con-
struction alloy was Zircaloy-2 the concentration
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E 2: HVOROOEN CONCENTRATIONS IN I f AUOTS FROM OPERATINO REACTORS

of H increased continuously and at ever Increasing
rates, in stark contrast to Zr - 2.5Z Nb alloy in
wnich H pickup is negligible for at least 15
years, and very probably, indefinitely. It was
the above described method for H and D that was
used to gather most of the results which showed
that no production CANDO reactors other than
Pickering Units 1 and 2 are susceptible to
pressure tube failure due to excessive hydriding.
This is because all CANDUs fabricated after
Pickering Units 1 and 2 have pressure tubes made
from Zr - 2.5 Z Mb alloy.

-P2-GI6

This nappy fact is further emphasized by
analysis results shown in Figure 3 ,'hich compares
concentrations of D along the failed Pickering
Unit 2 G-16 pressure tube and the adjacent
non-failed UnJ.t 2 J-15 pressure tube with those
aXoog pressure tube J-09 from Unit X Zoth Hair 2
tubes are Zircaloy-2; the Unit 3 tuue is Zr - 2.5%
Nb alloy. The three tubes all had about a aozen
years in service, yet cr»e Zr-Nb alloy tube
contained little D, only about 5 mg/kg. Figure 3
also shows clearly the excessively large
concentrations of D toward the outlet end of G-16
compared to J-15. This apparently resulted from
cooling of the pressure tube where it contacted
the calandria tube after a spacer (garter spring)
vibrated well out of its designed location. The
maximum in D at the outlet end of both G-16 ana
J-15 coincided with a maximum in oxide thickness
on the pressure tubes, and wch conditions have
been correlated with an accelerated corrosion rate
which begins after a minimum thickness of oxide
(- 20 um) has formed. Both reduction and
oxidation corrosion processes are believed to
occur within the thickened oxide layer. The
results on J-09 show that fabrication from Zr-Nb
and avoidance of cooling of a pressure tube by
unintended contact with a calandria tube
practically guarantees freedom from pressure tube
failure due to hydriding.

PROJECTIONS

The analysis of thousands of radioactive Zr
alloy samples in our current apparatus has shown
us the route to be followed to realize more
efficiency and less operator Involvement. A
design Is well in hand for 4n automated apparatus
using a laboratory robot to load and unload
samples, with micro-computer control of
equilibration, gas handling and mass
spectronetry. We hope to ha.ve the new version of
the apparatus in operation this year.

CONCLUSION

The CRNL method for hydrogen and deuterium in
zirconium alloys has provided many reliable
analyses of very radioactive samples, and is
considered by its users to have certain specific
advantages over other methods that may be more
commonly employed in the aeta.ls Industry. Further
refinements of the technique are currently being
introduced.

ACKNOWLEDGEMENTS

This work is part of a program that extended
over many years and resulted from the cooperation
of a number of workers. For their contributions
to the analytical method we, thank R.W. Ashley,
F.P. Blackstein, A.S. Denovan, H.D. Herrington,
L.F. Junop, P.K. Leeson, T.H. Longhurst, L.L.
McDonald and D.K. Solway.

600 500 400 300 200 100 0

DISTANCE FROM INLET (cm)

FIGURE 3: COMPARISON OF 0 IN P-2 AND P-3



8.31

RESISTANCE/DIFFUSION BONDING OF TITANIUM
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ABSTRACT

R e s i s t a n c e / d i f f u s i o n bond ing has been
shown to be a f e a s i b l e and promis ing approach to
the f inal closure of t itanium nuclear fuel waste
d i s p o s a l c o n t a i n e r s . By keeping the bonding
temperature below the f u s i o n temperature of
t itanium, sound d i f fus ion bonds can be made over a
wide range of bonding current and process
c o n d i t i o n s without r i sk of bulk metal
contamination and joint embrittlement. The bonded
samples display satisfactory hardness and shear
properties. Lack of fusion and defects produced
by foreign objects such as grease, paint and glass
beads can be detected readily by ultrasonic
inspection.

INTRODUCTION

An important area of research in the
development of a nuclear fuel waste disposal
container for the Canadian nuclear fuel waste
management program concerns the identification of
suitable container fabrication and closure welding
procedures/1/. Commercially pure ASTM grade 2
titanium is one of the candidate materials being
evaluated for container fabrication. Various
fusion welding processes, including gas-tungsten-
arc welding and electron beam welding, are being
c o n s i d e r e d f o r j o i n i n g t i t a n i u m .
Resistance/diffusion bonding, a s o l i d - s t a t e
proces s /2 ,3 ,4 / , i s being investigated as an
alternative to fusion welding procasses.

TABLE 1 - DETAILS OF PONDIHC TRIALS t TEST flESULTS

eluctroilu Whvfll Porca - 1910 kc|f (0.01B7 MN)
Cooling System - intamally water-coolad copper ulactroda;

oxturnal watar-cooling usati Cor samples 1-1 co 1-8;
no axtarnal water-cooling usad for samples 3-1 to 2-B.

Haatinq Tima in aach bonding cycla - 0.2 sacond (12 wald cycles/second)
Spacing batvaan adjacant bond spocs - 1,7 u» (variabla drivo setting at

65'i)

Sample

1-1

1-2

1-3

1-4

1-5

l -«

1-7

1-8

2-1
2-2
2-3
1-4
i-S
2-6
2-7

Grade 2
Ti BSW
natal(1I
ASin Spsc
(or Grad*

Mild
Haat

Setting

44%

52%

60%

68%

76*

84%

96%

44%
52%
60%
68%
52%
56%
60%

JT1

Gaoling
Tiia

inaach
Bonding
Cycle (sac)

0.8

0.0

0.8

0.8

0.8

0.8
0.8

o.a
o.s
0.8
0.8

1̂ 3
1.3
1.3
1.3

Averaga
Bonding
Currant

(kA)

9.5

11.8
16.1
20.2

24.3

20.1
32.4
34.9
(.9

12.5
17.2
22.3
10.1
13.0
1S.1
19.3

Surfaoa
Discolouration

Nadiacol-

Liqht straw
Straw
Straw/wunn
Dart blua
Dark blua
Dark blua
auk blua
Light straw
Straw
Dark blua
Dart blua
Light straw
Straw
Straw
Straw/taauva

Oxygen
(pml

1170

1210

1230

1230

1180

1230

1210

1260

ND
to
to
ID
ND
ND

to
ND

1390

2500
mix

i i urocu

Nitrogan

100

130
120
120
110
120
ISO
120
to
to
ND
to
to
ND
to
to

100

300

Bond
Width
dm)

No bonding

13.8
15.9
17.9
18.8
20.9
21.7
21.8
No banding

IB
IB
ND
tB
to
to
to

liardness21

(J«>

157

164

187

180

185

175

176

184

158
186
178
186
186
186
176
177

137

Shear Strength
<Mi>al

-

484.8

391.9

582.9

594.8

600.8

624. i

624.6
to
ND
to
ND
ID
ND
ND

to

142.5

t Daw natal
(2) Vickers hardness tast - 2.5 kg load to - Not datarminad
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EXPERIMENTAL PROCEDURE

In the present s t u d y / 3 / commerc ia l ly pure grade
2 t i t a n i u m s t r i p s 3.6 mm t h i c k , 38 .1 mm wide and
305.0 mm long , were bonded in open a i r with no gas
s h i e l d , us ing a r e s i s t a n c e seam welding machine.
The details of bonding trials are shown in Table
1. The titanium scrips are placed and held under
force between two internally water-cooled copper
electrode wheels, which transmit At the completion
of each bonding cycle both electrode wheels
automatically rotated to move the stri , j to a
preselected distance for the next bonding cycle.
The bonding spots overlapped each other producing
a gas-tight joint between the strips. Visual and
microscopic examination, chemical analys i s ,
hardness and shear t e s t s were performed to
evaluate the quality of the bonded samples. The
test results are given in Table 1.

To investigate the ultrasonic inspectability of
titanium bonded samples, several bonds were
prepared containing intentional defects to produce
areas with lack of bonding/3,5/. Various
ultrasonic inspection techniques such as fusion
line pulse echo, back vail pulse echo and through
transmission, were used to examine the samples.

RESULTS AND DISCUSSION

J o i n t Qual i ty and Surface Oxidation

P r e v i o u s w o r k / 2 / showed that bonding current ,
the presence of external cooling water, cooling
time and heating time between bond spots,
electrode wheel force and bond spot spacing al l
had significant effects on the joint quality,
surface oxidation and surface finish of titanium
resistance/diffusion bonded samples. The present
study has found that a high electrode wheel force
of 1910 kg, a heating time of 0.2 second and a
spot spacing of 1.7 mm permits Che application of
a wide range of bonding current and cooling time
to produce satisfactory diffusion bonded samples
with acceptable surface oxidation and surface
finish.

AC low bonding currents (<9.5 kA), titanium
samples displayed no bonding and the heat-affectsd
zone consisted of an equlaxed alpha grain
structure, similar to the base metal. AC higher
currents O10.1 kA) all samples displayed sound
metallurgical bonds (see Figure 1) and an acicular
alpha grain structure in the heat-affected zone
and at the bonded interface (see Figure 2). This
acicular structure is a transformation product
formed a f t e r h e a t i n g above the ct-6
transformation temperature (^883°C). These
results Indicate that the bonding temperature must
exceed Che a-3 transformation temperature to
produce a sound metallurgical bond in titanium.

Previous work/6/ has shown that it is very
diff icult to control the weld-metal grain size
during fusion welding of titanium. For
resistance/diffusion bonding of titanium, the
acicular grain structure can be closely controlled
by monitoring bonding parameters such as the
bonding current.

FIGURE 1 - TYPICAL TRANSVERSE SECTION
OF A TITANIUM RESISTANCE/
DIFFUSION BONDED SAMPLE

FIGURE 2 - TYPICAL MICROSTRUCTURE OF A
• TITANIUM BONDED SAMPLErACICULAR

ALPHA GRAIN STRUCTURE FOUND IN
THE HEAT-AFFECTED ZONE AND AT
THE JOINT. NOTE THAT THE
INTERFACE HAS COMPLETELY
DISSOLVED

The titanium bonded samples exhibited varying
degrees of surface oxidation, which could be
c lose ly controlled by adjusting the bonding
procedure. The surface varied in colour through
straw, straw/blue and blue with increasing oxide
thickness. In the presence of external cooling
water a wide range of bonding currents up to 27
kA could be tolerated without ruffering excessive
surface oxidation or surface roughness. With no
external water cooling, the surface temperature of
the bonded samples was raised much higher for the
same bonding parameters. In this case, maximum
bonding current had Co be kept below 21 kA Co
avoid excessive oxidation and surface deformation.
The present results also indicate that the extent
of surface oxidation can be reduced substantially
by Increasing Che cooling time between bond spots.
An Increase in cooling time of 0.5 seconds
compensated for the effect on surface oxidation
caused by the absence of external water cooling.
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Bulk Contamination

For the range of bonding p a r a m e t e r s used in
this investigation chemical analytical results
showed that oxygen and nitrogen levels in the
heat-affected metal between the electrode wheels
remained the same as in the base metal. For a
solid state bonding process such as resistance/
diffusion bonding, the metal between the electrode
wheels is heated to a temperature greater than
800°C for a short period during the production of
each bond spot, but is rapidly cooled to a
relatively low temperature by either air or
external cooling water. In this brief period,
air contamination of the hulk titanium metal is
negligible.

Hardness and Shear Tests

The hardness of the metal in the heat-affected
zone and at the joint was found to be about 8 to
30 Vickers points greater than the base metal.
The shear test results obtained using a specially
designed testing j ig, showed the shear strength of
the bonded samples to vary from 391.9 to 624.6
MPa, which was considerably higher than the base
metal CJ342.5 MPa). Metallographic examination of
the fracture surface of the test samples following
shear testing showed that the diffusion bonds were
extremely ductile. There was no indication of any
erabrittlament even in samples that displayed
severe sur face o x i d a t i o n . As discussed
previously, al l the bonded samples displayed very
l i t t l e bulk metal contamination. The presence of
the acicular grain structure appeared to account
for the observed increase in hardness and shear
strength, compared to the base metal.

Among va r ious u l t r a s o n i c inspection
techniques studied, the fusion line pulse echo
technique was found to be most satisfactory/3,5/.
Inadequate bonding and bond width, and defects
induced by foreign objects such as grease, paint
and glass beads at the joint were shown to be
detected readily by ultrasonic inspection, with no
requirements for prior surface grinding.

Extension of the Present Project

Large diameter titanium rings, simulating an
actual container closure joint, have been bonded
using the resistanca/diffusion bonding process/4/
(see Figure 3). Preliminary evaluation has shown
that these ring samples display satisfactory bond
p r o p e r t i e s and q u a l i t y . At t h i s t i m e ,
optimization of the bonding procedure is in
progress.

CONCLUSION

The present inves t iga t ion has shown that
resistance/diffusion bonding is both feasible and
promising for the final closure of titanium
nuclear fuel waste disposal conta iners . By
maintaining the bonding temperature below the
f u s i o n t e m p e r a t u r e , sound t i t a n i u m
resistance/diffusion bonds can be made in air over
a wide range of bonding parameters without the
r isk of bulk metal contamination and j o i n t
embrittlement. The tolerance box for c r i t i ca l
parameters, such as the bonding current, can be
readily defined for in-process monitoring. The
process is simple to control and al l c r i t i ca l
parameters can be dynamically recorded for quality
assurance. An in-process bonding parameter
monitoring system, combined with complete
ultrasonic inspection of finished jo in ts , would
e n s u r e t h e s o u n d n e s s of t i t a n i u m
resistance/diffusion bonds. Moreover, there are
no stringent requirements for seam tracking, so
that the resistance/diffusion bonding process is
well suited for remote operation in a radioactive
area.
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RECENT DEVELOPMENTS IN CANADIAN
XL'CLEAR POWEE PLANT LICENSING PRACTICES

P. MARCHILDON

Atomic Energy Control Board
Ottawa, Ontario

ABSTRACT

This paper examines the dominant factors which
have influenced the safety evaluation and licensing
process of current 600 MW reactors. It describes
possible modifications Co the process which are
being considered for the licensing of a second 600
MW reactor at Point Lepreau. The key element is a
firm licensing agreement covering the entire
licensing cycle, to be established between the
proponent and the AECB before a construction
licence is issued. Progress accomplished to date
in reaching such an agreement is described.

INTRODUCTION

Although only one basic reactor type has been
developed in Canada during the last 25 years,
currently licensed power stations exhibit signi-
ficant design differences as illustrated by Table
1. To date, no station has been licensed for
construction as an exact replica of an operating
station.

These differences in plant design have been
accommodated by the Canadian licensing approach
which has emphasized basic performance requirements,
and which has allowed a large amount of overlap
between the completion of design and analyses on
one hand, and construction on the other. These
characteristics of our licensing approach have had
advantages for both the licensees and the
regulator. They also had certain disadvantages.

Changes that could be made to our safety evalua-
tion and licensing process to remove some uf the
difficulties experienced in the past have been
considered since 1983 in the context of licensing a
second 600 MW station at Point Lepreau. Before
describing these changes, however, it is useful to
briefly review the licensing history of existing
600 MW stations, to identify areas where significant
improvements can be achieved. It should be noted
that, while the discussion in this paper focuses on
600 MW stations, the general change in direction
which is described could also apply to other types
of CANDU stations which have recently been licensed
for operation.

A BRIEF REVIEW OF THE LICENSING HISTORY
OF EXISTING 600 MW PIANTS

Since the duration of the construction and
licensing process is an important element in this
discussion, some key dates of the Gentilly-2 and
Point Lepreau 1 history should be mentioned.
Gentilly-2 construction licence was issutd in 1974.
At that time, the expected start-up date was 1978.
Point Leprtau 1 received its construction licence
in 1975. The two plants received their operating
licences in 1982.

A review of the experience gained during the
licensing of Gentilly-2 and Point Lepreau 1 shows

that between 1974 and 1982, the development of the
licensing process for these two plants was
influenced by three dominant factors:

(a) Evolution in plant design;
(b) Evolution in licensing requirements; and
(c) Communications between the AECB and the

licensees.

Each one of them will be considered briefly.

Evolution in Plant Design

Since there have been numerous interactions
between the evolution of plant design and the
evolution in AECB requirements, let us consider,
first, those changes which had to be nude solely as
a result of the design finallzation process rather
than as a result of new or evolving regulatoiy
requirements. A number of important design changes
made during the construction phase of Gentilly-2
and Point Lepreau 1 can be classified In this
category (Figure 1).

The evolution of the Gentilly-2 and Point
Lepreau 1 Emergency Core Cooling (ECC) system is an
excellent example. The system proposed in support
of the construction licence applications was a
low-pressure system whose exact configuration (the
injection points in particular) had not been
finalized when the construction licences were
issued. At thac time, a very limited amount of
analysis had been done to assess the effectiveness
of the system. It was only in 1976 that it became
evident to the designers that a low pressure system
would not be sufficiently effective to limit
radioactive releases to within the regulatory dose
limits. Investigation of the likely effectiveness
of a high pressure ECC system was undertaken and a
decision to install the high pressure systeir was
subsequently taken by Hydro-Quebec and NBEPC.

Although the modification cf the ECC system
design is undoubtedly one of Che most important in
this category, other changes made during the
construction phases of Gentilly-2 and Point Lepreau
1 can also be attributed solely to design finaliza-
tion. Examples include:

(a) the installation of reactor outlet header
interconnects to eliminate potential
pressure and flow oscillations in the
primary heat transport system;

(b) the incorporation of Programmable Digital
Comparators (PDC's) in shutdown systems to
penult complex conditioning of trip setpoints
(this was necessary for some parameters where
the conditioning function could not be
performed reliably by analog equipment); and

(c) the change from an open-loop to a closed-loop
service water system at 'Jentilly-2.



U'hen such major modifications become necessary
at a late stage of the construction phase, conflicts
between analytical, design and procurement programs
are usually unavoidable. The impact on project
schedule as well as on licensing activities can be
severe. Further complications can arise if major
modifications must be made when most plant equip-
ment has been installed and even commissioned.

Evolution in Licensing Requirements

Let us now consider the second factor:
"evolution in licensing requirements". Again, it
should be emphasized that the purpose of this paper
is not to do a comprehensive review of this evolu-
tionary process but rather to highlight areas where
past experience might play an important role in
determining the appropriateness of any change in
direction in the future.

In the early 1970's, it became evident, with the
increased complexity of nuclear power plants and
the accumulated operating experience, that the
traditional single/dual failure analyses were no
longer sufficient by themselves, to fully and
properly assess the overall safety of the plant.
When construction licences were issued for
Gentilly-2 and Point Lepreau 1, the need to do a
more systematic review of the plant had already
been identified and discussions were held with the
licensees to define acceptable means of addressing
tropics such as:

(a) the treatment of safety support functions in
analyses;

(b) the treatment of long-term effects of some
accidents;

(c) the treatment of events which do not require
immediate safety system response, but rather an
orderly set of corrective actions either
automatic or operator-initiated; and

Cd) the treatment of common-cause events which
could disable or incapacitate more than one
process or safety syscem.

Certain design features were proposed and
committed by the licensees very early in the
construction phase to improve the safety of the
plant in some of those areas. The physical separa-
tion of safety systems inco two independent groups,
the addition of an auxiliary control area, and the
addition of the emergency water syscem and emergency
power system are examples of these features.
However, not all the necessary or desirable design
changes could be identified early in the construc-
tion phase. As part of the more thorough safety
evaluation process, a number of new safety analyses
had to be undertaken to confirm the adequacy of the
design and to predict system behaviour and system
interactions under a wide range of abnormal condi-
tions. As these analyses were completed during the
construction phase of the plants, the need for
several additional design modifications was recog-
nized and these modifications were implemented at
various points in the project schedules (Figure 2).
Examples of some significant modifications include:

(a) the addition of a second auxiliary boiler feed
pump (to increase the reliability of the
feedwacer supply);

(b) che addition of local air reservoirs for the
pneumatically-operated primary heat transport
system liquid relief valves (to prevent loss
of PHT inventory in che event of a loss of
instrument air);

(c) the provision of back-up cooling water supplies
to the instrument air compressors (to eliminate
t cross-link between the service water and
instrument air systems); and

(d) the reduction of the water volume in the
dousing tank (to prevent flooding essential
instrumentation ir *• ie reactor building
basement).

Occasionally, licensees have expressed the view
that, at times, design modifications had to be made
during the construction phase nf previous plants
only to satisfy new or evolving licensing require-
ments, and that these modifications had adverse
effects on project schedules and costs. The type
of changes that we have just discussed are probably
the best candidates for generating a very interest-
ing "chicken or egg" debate on what comes first:
"evolving licensing requirements" or "evolving
design". Would we have required the addition of a
second auxiliary boiler feed pump at Gentilly-2 and
Point Lepreau 1, for example, if the utilities had
not decided to proceed with this modification?
Based on the information which was submitted in the
loss-of-feedwater analysis, there is no doubt that
we would have raised the issue. The addition of a
second auxiliary boiler feed pump was considered to
be an adequate solution to the shortcoming which
had been identified. Whether it should be consi-
dered to be a firm licensing requirement or whether
it is something which a prudent operator would have
required is another matter. The licensees might
have proposed a different solution which would have
been equally acceptable. In other cases, however,
the design options seem so obvious or so limited
that changes made during the construction phase of
previous plants can essentially be considered as
licensing requirements. My conclusion is that the
evolution of plant design and the evolution of the
detailed licensing requirements have interacted so
extensively that it is sometimes very difficult to
distinguish between those changes which can be
attributed to new regulatory requirements and those
which were dictated by information which became
available as the design or analyses were finalized.

Nevertheless, we do not deny che fact thac some
changes were made in Gentilly-2 and Point Lepreau 1
as a result of new regulatory requirements (Figure
1). The addition of a trip parameter on shutdown
system No. I, to provide better protection against
loss of service water accidencs, is an example of
such a requirement. Finally, it should be noted
that other new regulatory requirements have been
formulated and documented before Gentilly-2 and
Point Lepreau 1 were granted an operating licence
but have not been imposed on these stations (Figure
1). This point will be discussed later in this
paper.

Communications Between the AECB and the Licensees

The last factor which, in my view, has affected
the licensing process of previous 600MW plants is
the communication between the regulator and the
licensees. In general, communications between the
regulator and the licensees have been good. A
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review of the major licensing issues which were
still unresolved one year preceding the issue of
the Gentilly-2 and Point Lepreau 1 operating
licences reveals however that certain licensing
difficulties can only b e attributed to a lack of
communication between the regulator and the licen-
sees. Most of these problem areas related to
aspects of safety analyses such as Che clear
identification of licensing basis cases, acceptabi-
lity of assumptions used in analyses, and documen-
tation requirements. Specific examples where
timely agreements were not reached include:

(a) the need to analyze loss-of-coolant accidents
with class IV power unavailable; and

(b) assumptions regarding the degree of dousing
impairment to be assumed for dual accidents
involving failures in the primary heat
transport system.

The conclusions which can be drawn from this
necessarily brief review of the licensing history
of Gentilly-2 and Point Lepreau 1 are:

!. These plants were the first 600MW to go through
che safecy evaluation and licensing process.
When construction licences were issued in 1974
and 1975, Che design of many systems had not
been finalized.

2. When construction licences were issued in 1974
and 1975, only a limited number of preliminary
analyses had been done and, except for the
classical single/dual failure type of analyses,
regulatory requirements in this area were very
much in a developmental stage.

3. Some communication difficulties between the
regulators and the licensees persisted until a
fairly late stage in the project schedule.

A. The above-mentioned considerations all contri-
buted to delaying the submission of licensing
documentation, thereby shifting the AECB
licensing workload towards the latter part of
the construction phase (Figure 2), From a
regulator's point of view, this is very undesir-
able, since the review of documentation and
resolution of licensing difficulties at this
stage inevitably conflicts with other Board
staff responsibilities, especially those relating
to plant commissioning.

A GENERAL DESCRIPTION OF THE MODIFICATIONS
CONSIDERED IN THE SAFETY EVALUATION
AND LICENSING PROCESS" "

In 1983, when feasibility studies for the Point
Lepreau 2 project were sufficiently advanced, a
series of discussions between the proponent (AECL
and NBEPC) and the AECB was undertaken to identify
Che licensing requirements that would apply to that
project. These discussions led the two parties to
conclude that the 600MW plant had probably reached
a stage of maturity sufficient to justify the
introduction of certain changes in the safety
evaluation and licensing process. It was considered
that the experience gained during the licensing,
commissioning and operation of Gentilly-2 and Point
Lepreau I would allow a more complete and precise
identification of licensing requirements in the
early stage in the licensing process for a repeat
unit. A much larger proportion of the required

licensing documentation could also be submitted at
a very early stage.

On that basis, it was concluded that an agreement
could be established between the proponent and the
AECB vhereby the proponent would have an obligation
to complete all licensing actions in the agreed
manner and the AECB would have an obligation to
judge the acceptability of the licensing submissions
against the detailed criteria established. The
licensing requirements would remain essentially
fixed throughout the remainder of the licensing
process, except of course that provisions would be
made for situations where new experimental or
analytical information or operating experience at
other stations revealed significant inadequacies in
the design of the new station being considered.

The reason why the AECB vould accept to enter
into such an agreement with a proponent is certainly
a legitimate question. Basically, the answer is
that the agreement is seen a,s a valuable tool for
reversing the trend described In Figure 2 where a
large fraction of the licensing submissions and
regulatory review end up being concentrated in the
late phase of the licensing process. This charac-
teristic has aoc been oniqcre to the 600 HV reactors.
On the contrary, it has been present on all plants
licensed to date, and attempts at improving this
situation have not been very successful. From our
point of view, therefore, the main benefit which is
expected from this modification to our licensing
practices is a regularization of the licensing
activities throughout the entire process. The
result, we believe, will be that the safety evalua-
tion and licensing of this future plant should
proceed in a more effective and orderly manner.
This objective, of course, i$ shared by the propo-
nent. In the case of Point Lepreau 2, the proponent
also has other incentives fop wishing to ensure
that the licensing process proceeds without diffi-
culties. These aspects will be discussed further
in another paper presented during this session by
Mr. Natalizlo.

For the proposed approach to be effective, the
licensing basis agreement obviously has to cover
all areas which must be addressed throughout the
entire safety evaluation and licensing process.
The most important of these are listed in table 2.
As expected, our experience to date has confirmed
that reaching firm licensing agreements can be
fairly straightforward in some areas and rather
complicated and time consuming in others. So far,
our efforts have been concentrated in two areas.1

plant design, and safety analysis requirements.
These topics are discussed further below.

Plant Design

Before reaching a firm licensing agreement on
the design of a future 600MW plant, a careful
review of the design of current plants must be
carried out and consideration must be given to
those regulatory requirements which have evolved
throughout the licensing phase of previous plants
but which, for one reason or another, have not been
incorporated into those plants. The requirements
which are documented in our proposed regulatory
guides C-7, C-8 and C-9 (references 1-3), which
were not applied to previous 600 MW plants, are
particularly important in this regard.
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While Che review of design requirements to be
incorporated in the licensing agreement is still
ongoing, some preliminary conclusions are worth
mentioning:

(a) to minimize the potential consequences of
boiler tube failures or the consequences of
loss-of-coolant accidents occuring when boiler
tube leakage already exists, AECB staff
considers that the design of future stations
should incorporate isolating valves on the main
steam lines. This design modification would
meet the intent of section 1.2 of our
regulatory guide C-7 for a continuous
containment envelope;

(b) the design of the 600 MW Emergency Core Cooling
System needs to be further reviewed, especially
with respect to control room panel layout and
long-term reliability. A number of design
changes may be required as a result of these
considerations;

(c) consideration will have to be given to
modifying the instrument room layout for
shutdown system No.2 in order to improve
channel separation in that area.

In addition to the above, it should be noted
that during the licensing of previous 5.. .H plants,
certain design modifications were committed but,
with the acceptance of the AECB, they have not yet
bee.i implemented in Gentilly-2 and Point Lepreau 1.
One important commitment relates to modifications
aimed t- : reducing the dependence on natural circula-
tion of primary coolant in same accident situations.
Clearly, such commitments will have to form part of
the licensing basis agreement: for a future plant.

One final comment needs to be made on the
question of design change requirements. The
licensing basis agreement which is being established
between AECL/NBEPC and the AECB is specific to
Point Lepreau 2. Thus, there could be some design
modifications which would bc> considered mandatory
for a new 600 MW station on a new site, but which
will not necessarily form part of the Point Lepreau
2 agreement. The reason foi: this is that from an
operational safety point of view, consideration has
to be given to possible disadvantages associated
with having different design features at the same
site or even in the same control room.

Safety Anaylsis Requirements

With respect to safety analyses, experience to
date has shown that the definition, at the
pre-construct-ion licence phase, of commitments
relating to the execution, submission and acceptance
of all analyses needed to support a request for an
operating licence, is indeed a challenging task,
both for che proponent and the regulator. For the
licensing agreement to be meaningful, the scope of
the analytical program, as well as the proposed
analytical techniques and assumptions, need to be
defined very clearly for each analysis to be
performed.

As for plant design, the conclusion of a firm
agreement must also take into account the evolution
of regulatory requirements that has occurred during
the licensing of previous plants. Safety Design
Matrices, for example, have played a major role in
the licensing process of Gentilly-2 and Point

Lepreau 1. Some shortcomings in those analyses
have been identified, the resolution of which has not
in every case been considered prerequisite to the
issuance of operating licences for these plants.
For a future plant, appropriate commitments would
have to be made to correct these deficiencies.

The evolution at AECB requirements relating to
safety analyses has not taken place in the context
of the 600MH licensing process alone. For the
Darlington station, which is presently under
construction, the requirements of Consultative
Document C-6 (Reference 4) are being applied on a
trial basis. While we recognize that a number of
adjustments will have to be made to that document,
based among other things on the results of the
Darlington experience, we consider that the intent
of that document has to be refle-ted in the licens-
ing basis agreement of any future plant. One
fundamental requirement of this document concerns
the need to identify the failure modes to be
analysed, and to justify the selection of these
failure modes on the basis of a systematic review
of the plant design. The method used to carry out
such a systematic review will be, of course, an
important element of the licensing basis agreement.
Many of the events or combination of events identi-
fied by this review process will have been analysed
already for previous 600 MW plants.The resubmission
of the same analyses for a new 600 MM plant could
be acceptable as long as they can be documented in
such a way as to demonstrate compliance with the
requirements defined in the licensing basis agreement.

Finally, it should be noted that certain analyses
have been accepted for previous 600MW plants but
are subject to updating when new information and
advances in technology provide the necessary tools
to do so. The licensing agreement will obviously
have to take this aspect into account.

CONCLUSION

One of the main characteristics of the modified
licensing approach being developed for Point
Lepreau 2 is that it places an onus on both the
proponent and regulator to ensure that the require-
ments of the entire licensing cycle are identified
clearly prior to the issuance of i- construction
licence. This means that the proponent must
describe his intentions with respect to all licen-
sing submissions and the AECB staff must examine
these intentions to a far greater level of detail
than heretofore required at that stage. Only in
this way can both parties enter into firm agreements
with the confidence that no misunderstandings or
unacceptable positions are contained therein.

While agreements can be reached relatively
easily on certain topics, others such as those
relating to the preparation of safety analyses are
more complex. Reaching agreement on them is also
very time consuming. The experience gained to date
in the context of the Point Lepreau 2 agreement has
shown that the effort required by the two parties
is in fact greater than originally envisaged.
However, we still believe that the fundamental
conclusion reached in 1983 that enough experience
and information existed to make this agreement
possible was a sound conclusion. Consequently, we
are prepared to devote further efforts to this task
and we are hopeful that these efforts will be
rewarded.
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TABLE 1: COMPAKISON OK CANADIAN NUCLEAR GENERATING STATIONS

ELECTRICAL OUTPUT (MWe)

No OF CHANNELS

REACTIVITY MECHANISMS

- Adjuster Rods

- Booster Rods

- Control Absorbers

- Vertical Flux Assemblies

- Horizontal Flux Assemblies

SAFETY SYSTEMS

- SDS1 (No of S.O. Rods)

- SOS2 (Poison Injec. Nozzles)

- ECC (Low Pressure vs High
Pressure)

- Containment

HEAT TRANSPORT SYSTEM

- Configuration (2 Loop vs 1 L)

- No Steam Generators

- No Pumps

- Pressure Control

Pickering A

515

390

18 (cobalt)

11 (+ mod. dump)

L. Press, from
Mod (1)

Vacuum-Type

12 ..
12 + 4 spare
Feed & Bleed

Bruce A

740

480

16

4
20

3

30

7

L. Press, from
Dous. (1)

Vacuum-Type

1

8

4

Pressurizer

Pickering B

516

380

21 (SS & Cobalt)
-

4
34

25

28

6

H. Press, (water
storage tk)

Vacuum-Type

2

12

12 + 4 spare

Feed & Bleed

Bruce B

750

480

24 (cobalt)
-

4

27

8

32

8

H. Press, (water
storage tk)

Vacuum-Type

1

8

4
Pressurizer

600 MW's 1

640

380

21 (SS & Cobalt)
-

4

26

7

28

6
H. Press, (accumu

lator tks)

Pressurized Type

2

4

4
Pressurizer

Darlington

881

480

24 (SS)
-

4
27

14

32

8

H. Press, (from
high press,
pump system)

Vacuum-Type

2

4
A

Pressurizer

(1) High P.ECC being backfitted



TABLE 2: LICENSING BASIS AGREEMENT

1. PLANT DESIGN

2, SAFETY ANALYSES AND ACCEPTANCE CRITERIA

3. CODES AND STANDARDS

4. SYSTEM CLASSIFICATION

5. GEOLOGY AND SEISMICITY

6. QUALITY ASSURANCE PROGRAMS

(DESIGN, PROCUREMENT, CONSTRUCTION, COMMISSIONING, OPERATION)

7. COMMISSIONING PROGRAM

8. STAFFING AND TRAINING PLANS

9. SECURITY PLAN

1C. DOCUMENTATION ON PLANT OPERATION

11. SCHEDULE FOR SUBMISSION OF LICENSING INFORMATION

12, REGISTER OF LICENSING DOCUMENTATION.
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OPERATING
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FIGURE 2: LICENSING INFORMATION SUBMITTED FOR
CONSTRUCTION AND OPERATING LICENCE
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COST AND BENEFITS OF
NUCLEAR REACTOR REGULATION IN CANADA

J.D. HARVIE

Atomic Energy Control Board
Ottawa, Ontario

ABSTRACT

This paper summarizes information on costs
associated with regulation of nuclear power reactors
in Canada. The AECB perspective on the benefits of
such regulation, both to the public and to the
nuclear industry itself, is presented.

INTRODUCTION

There appears to be a perception in the Canadian
nuclear industry that licensing requirements
imposed by regulatory authorities have, in recent
years, led Co a significant increase in the cost of
safety measures, to the extent that safety provi-
sions are a major factor in the economics of the
CANDU program.

This paper presents the best available informa-
tion on the capital and operating costs associated
with the regulation of nuclear power reactors in
Canada. In addition, it presents a regulatory
viewpoint on some of the benefits, both to the
industry and to public safety, which have resulted
from regulatory activities.

COSTS OF SAFETY AND REGULATION

A study to estimate the costs of safety and
regulation in the nuclear industry in Canada has
been carried out by SECOR Inc., under contract to
the Atomic Energy Control Board (AECB)(reference
11.

This study examined the costs associated with
radiation health, safety, and environmental measures
in each part of the nuclear fuel cycle, including
uranium mining, refining, fuel fabrication, and
nuclear power generation. The approach used was to
obtain accounting data from representatives of the
industry to determine typical costs associated with
health and safety in each part of the cycle.

Subsequently, these total costs were subdivided
into those which would have been incurred by a
prudent operator (PO) in the absence of external
regulation, and those which were incurred only to
satisfy regulatory requirements (marginal cost of
-egulation or MCR). This subdivision was calcula-
ted on the basis of information supplied by
representatives of the nuclear Industry.

For the study of the capital costs of nuclear
power generation, the four-unit Pickering 'B1 plant
was selected as a typical example. Th« results of
this 9tudy are summarized in Table 1. Tht conclu-
sion was that about 10Z of the total capital cost
of the Pickering 'B' reactors was due to radiation
health, safety, and environmental considerations.
Breaking this down, 6.4% was estimated to be the
cost which would have been incurred by a prudent
but unregulated operator, with the remaining 3.6"
being the marginal cost due Co regulation.

CAPITAL COST OF RADIATION HEALTH. SAFETY
AKD ENVIRONMENTAL CONSIDERATIONS

Cose Element
Total

($000,000)
P0

1) Hardware Costs

a) Equipment

b) Quality Assurance

11} Engineering

ill) Research Program

iv) Interest Costs

a) Construction Delays

b) Additional Hardware

v) Replacement Power

a) Vacuum Building Inspection

b) Additional Delays

Total

Total aa per Cent of Total,
Capital Coats ($3,097 x 10°)

35.0

16.0

22.2

5.0

159.4

39.3

5.0

27.6

309.5

10.0

11.0

10.0

9.5

-

150.0

16.4

_

-

196.9

6.4

24.0

6.0

12.7

5.0

9.i

22.9

5.0

27.6

112.6

3.6

To estimate the costs of safety and regulation
in an operating reactor, the Bruce 'A' plant in the
year 1980 was chosen as an example. Table 2
summarizes the conclusions of that study. Approxi-
mately 9% of the total cost of producing electricity
was due to radiation health, safety, and environ-
mental measures, of which about one half was
attributed to regulatory actions.

BRUCE A (1980)

AND

Lost Power

Fuel

Decontamination

Instruction

Radiation Control/
Health Phyiici

Safety System
Mslntsnance

Msnagement

Security

In-Ssrvice Inspection

Other

Total

I of Cost of
Producing Electricity

TABLE 2

COST OF RADIATION. HEALTH,
ENVIRONMENTAL MEASURES

Total

16.241

4.781

3.354

0.977

1.557

0.512

0.993

0.544

0.750

0.992

30.701

8.9

PO
(»000,000)

7.812

-

3.354

0.722

1.557

0.498

0.288

-

0.375

0.942

15.548

4.5

SAFETY

MCR

8.429

4.781

.

0.255

-

0.014

0.705

0.544

0.375

0.050

l5'.153

4.4
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The overall conclusion that can be drawn from
this study is therefore that the cost of regulation
or nuclear power reactors in Canada is a relatively
small proportion of the total cost of producing
power.

The accuracy of the detailed results of the
SECOR study is limited, for several reasons. While
the actual costs associated with safety are based
on Ontario Hydro's data, it is not always possible
to separate precisely money spent on safety from
that spent for production purposes. For example,
the study attributed the entire cost of both
shutdown systems to safety, although experience at
Pickering 'A' has shown that its shutdown system
has contributed to electricity production by
terminating several loss-of-regulation incidents
which, in the absence of shutdown action, would
have resulted in damage to reactor systems and
consequential delays in re-starting ths reactors.
On the other hand, the cost of the reactor contain-
ment is not included as a safety cost, although the
Pickering containment could make some contribution
to safety following an accident by delaying releases
of radioactive noble gases by 15 hours or more, and
by making it possible to filter most of the radio-
active iodines from a release.

Equally, the subdivision of these safety costs
into those associated with prudent operation, and
those due only to regulatory demands, involves
considerable uncertainty, since it is based on the
response by representatives of the licensee to a
hypothetical question. The actions which would
have been taken by licensees in safety matters if
there had been no regulatory authorities would have
been determined by a decision-making process within
the licensee organization, and the results of such
a process can only be estimated.

Furthermore, the study is based on two specific
power stations, Pickering G.S. 'B' for the capital
costs and Bruce G.S. 'A' in 1980 for the operating
costs. In both cases there are unique aspects
whiuh significantly affect the results of the
study, and indeed this would probably be the case
for any specific reactor chosen. Nevertheless, it
must be recognized chat the costs may be different
for different reactor projects.

Despite the above limitations, the SECOR study
is the only study which has attempted to determine,
in a rational and scientific fashion, the costs of
safety and regulation in the Canadian nuclear power
industry. While it cannot be claimed that the
results are absolute or precise, it is considered
that the conclusions are sufficiently accurate to
give a reasonable understanding of the extent to
which safety and regulation affect the overall
costs of nuclear power generation.

The cost to Canadian taxpayers of operating the
AECB itself is not included in the above estimates.
This cost is sufficiently small, in relation to
those discussed above, that it would not affect the
conclusions.

BENEFITS OF REACTOR REGULATION

The following sections discuss some of the
consequences of AECB regulation of the nuclear
power industry which, in the view of the AECB, are
of benefit to the industry or the public. While
sections (2) and (3) are based on the SECOR study

and refer specifically to Pickering 'B' and Bruce
'A' respectively, the other sections are more
general and draw examples from several currently-
licensed CANDU reactors.

It is not possible, on the basis of information
currently available, to determine in a quantitative
fashion the extent to which regulatory activities
have reduced the frequency of incidents, radioactive
emissions, or overexposures to workers or members
of the public. This would require the answer to
another hypothetical question regarding the fre-
quency of such events in an unregulated industry.
It is the view of the AECB, based on the examples
which follow and other experiences, that the effect
of regulation has been positive and significant,
with resulting benefits to the public, and indeed
to the nuclear industrv itself.

1) Acceptance of Nuclear Power

The existence of a competent regulatory author!ty
appears to be a necessary prerequisite for public
acceptance of the CANDU nuclear power program. Ir.
public and parliamentary discussions on the safety
of nuclear reactors, the independent assessment of
reactor safety by the AECB is a factor important
both to the credibility of the industry and its
acceptance by the public or its I?presentatives.

For example, the final report on the Safety of
Ontario's Nuclear Reactors by the Select Committee
on Ontario Hydro Affairs (reference 2) stated in
its chapter on regulation of nuclear power safety
that much of the Committee's confidence that the
reactors operating in Ontario are 'acceptably safe'
came from observing the depth of analysis and
questioning that goes into the design. This report
also concludes that one of the great strengths of
the Canadian system is the competence and indepen-
dence of AECB staff. The Committee recommended
that the Government of Ontario urge the Federal
Government to ensure that the AECB is adequately
funded.

Similarly, Professor D.A. Meneley, Professor of
Nuclear Engineering at the University of New
Brunswick stated in his submission in support of
the Point Lepreau II project to the Environmental
Assessment Review Panel of the Federal Environmental
Assessment Review Office (reference 3), "From
direct and personal experience I can testify that
the AECB staff are vigilant, knowledgeable, and
rigorous in their insistence on high safety stan-
dards. Many hardware and procedure improvements
have resulted from, their examinations".

Equally, the export of CANDU reactors to other
countries depends to some extent on the existence
of appropriate and well-defined licensing require-
ments, and of a satisfactory licensing process,
within Canada. Potential foreign customers fre-
quently request information on the safety standards
required by Canadian licensing authorities. CANDU
reactors built in other countries have generally
been required to be licensable in Canada or have
been required to satisfy the same standards as a
similar plant licensed in Canada.

2) Design features in SECOR study

The SECOR study identifies certain design
features of Pickering 'B' which were included only
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co satisfy regulatory requirements. Table 3 shows
che ir.a;or hardware costs for Pickering 'B', and che
proporcion of these coses which are related Co
safety and regulation. The mos: significant
features which, according co che study, were
incorporaced Co satisfy regulatory requirements,
were che following.

TABLE 3

PICKERING B SAFETY COSTS - EQUIPMENT

Svszsm

SDSI

SDS2

ECIS

Main heat
transport

Emergency water

Emergency power

Other safety-
relaced systems

Powerhouse
Service wing

fontainment

Total
Cost

2.6

3.4

12.0

119.3

2.7

2.2

248.9

55.9

71.7

522.0

(5000,000)

Safety Costs
PO

2.3

0.5

8 • 0

-

-

-

-

-

HCft

0.3

2.9

4.0

2.7

2.7

2.2

4.2

0.6

2.4

2.0

Major Contributors

Complexity

Redundancy

Seismic

Seismic

Seismic

Seismic

Seismic

Seismic, vacuum
building

Seismic

1041.0 U.O 24.0

a) Seismic Qualification of Equipment

Ontario Hydro disputed the need for seismic
qualification at Pickering 'B'. Accordingly, the
cost of syscems such as the emergency power system
and the emergency water system, in addition to the
cost of strengthening structures and attachments to
cope with seismic forces, is attributed to
regulation.

b) Trip Parameters on Shutdown Syscems

The AECB requires that each shucdown system
include two diverse trip parameters Co decect
postulated failures, where this is practicable. In
the absence of such a requirement, Ontario Hydro
would have included fewer back-up trip parameters
on shucdown system 1 (SDSI). Furthermore, only,
neutronic instrumentation would have been incorpor-
ated in shucdown system 2 (SDS2), co cope only wich
severe loss-of-coolant or loas-oi-regulation
accidents. The AECB position was that both shutdown
systems should be capable of coping with more
frequent events such as loss of boiler feedwater,
as well as events of low probability such as large
loss-ot-coolant accidents, for which the neucronic
crips were designed. As a result, part of the cose
of SDSI, and a high proportion of the cost of SDS2
are attributed co regulatory requirements.

cj Emergency Coolant Injection System (ECIS)

Ontario Hydro would have installed a
high-pressure ECIS ac Pickering 'B', the system
would have been less elaborate than chac required

to satisfy AECB requirements. In particular, the
requirement to have duplicated injection valves Co
satisfy reliability requirements is atcribuced to
regulation. Furthermore, Oncario Hydro would have
commissioned Che first reactor before the system
was fully installed and thus would have avoided an
estimated two-month delay with associated inceresc
and replacement power costs.

In addition Co these design aspects, a porcion
of the coses of quality assurance and engineering
were attributed to the regulatory requirements.
The study also indicates that Ontario Hydro partici-
pation in the CANDEV safety research program would
not continue if the industry were not regulated. A
portion of the cost of this program was attributed
to che Pickering 'B' reactors.

3) Operational Aspects of SECOR Study

As shown in table 2, the major single regulacory
cost associated with operation of Bruce 'A' in 1980
was due to lost power caused by regulatory require-
ments or restrictions. The largest single component
of this cost was due to loss of production for
inspection of the junction between the steam
generators and the steam drum following incidents
in which the allowable stresses in this junction
were exceeded due to circumferential temperature
differentials across the steam drum. These inspec-
tions are required by the ASME Boiler and Pressure
Vessel Code in order to obtain assurance that che
stresses have not reduced the integrity of the
pressure vessel. The extent of inspection was
greater than that which Ontario Hydro would have
done in the absence of regulation.

The increased fuelling costs were largely due to
limitations on channel power imposed to reduce the
risk of overheating fuel, with resulting restric-
tions on neutron flux shape. Management costs
include effort by Ontario Hydro head office staff
and consultants on safety analyses and other
licensing matters, which, in the year of incerest,
included a major study of unavailability of safety
systems. In addition, costs associated with
Ontario Hydro's on-site reliability unit are wholly
attributed to satisfaction of regulatory require-
ments.

4) Design Features Accepted by Nuclear Industry

There are several features of reaccor design and
operacion which were originally introduced as a
result of regulacory requirements, and some of
which were strongly opposed by the nuclear industry
at the time of their introduction. Nevertheless,
in the information given to SECOR Inc. by represen-
tatives of che industry, these features, other Chan
Chose discussed in (2) above, were not identified
as being in excess of what a prudent operator would
do in the absence of regulation. It is therefore
concluded chat these features are now accepted as
appropriate by the industry. The following are
examples.

a) Heac Sinks

The original Bruce 'A' design had only a single
auxiliary boiler feedwater pump supplied by class
III power (i.e. power backed-up by standby genera-
tors) . There was no other method of adding



water Co the steam generators, or otherwise
providing an adequate heat sink for the decay heat
from the fuel, which did not rely on class IV power
(i.e. power from the station turbine-generators or
the electrical grid). Furthermore, operating
procedures did not prohibit taking the single feed
pump out of service for maintenance during reactor
operation. Questions raised by the AECB led to the
incorporation of an emergency boiler cooling system
and to modifications to the maintenance cooling
system to achieve reliable heat sinks vhich are not
dependent on class IV power. Subsequent reactor
designs include such features as a turbine-driven
auxiliary boiler feed pump (Point Lepreau) or an
inter-unit feedwater tie (Bruce B) to ensure a
sufficiently reliable supply of water to the steam
generators in the event that class IV power is
unavailable.

b) Emergency Core Cooling Systems (ECCS)

After the design of Bruce 'A' was essentially
complete, questions raised by the AECB about the
analysis of the effectiveness of its ECCS led to
the recognition by the licensees that the gravity-
fed system was not capable of satisfying its
original design requirement, which was to prevent
significant fuel failures following any loss-of-
coolant accident. Nevertheless, Ontario Hydro
considered the system to be adequate, and was
opposed to making changes to make the system more
effective. The AECB finally placed a requirement
on Ontario Hydro to install an improved system as a
condition of the approval to operate the Bruce 'A'
reactors at full electrical power.

It is now generally recognized that low-pressure
injection systPnis cannot be shown to be sufficient-
ly effective, particularly for small-break loss-of-
coolant accidents, which are much more likely to
occur than large-break loss-of-coolant accidents
because of the large amount of small-diameter
piping in CANDU reactors. High-pressure emergency
coolant injection systems are now being installed
on all commercial CANDU reactors, even those
outside Canada where the AECB does not have juris-
diction.

The recognition that the original design
requirement of preventing significant fuel failures
could not be satisfied by the gravity-fed system
(and indeed for some types of loss-of-coolant
accident even by a high-pressure system) led the
AECB to request Ontario Hydro to conduct a system-
atic design review of the Bruce 'A' plant. The
objective of this review was to identify design
decisions which had been made on the basis of the
original design requirements and which might have
been inappropriate if these requirements were not
met. Ontario Hydro was very strongly opposed to
such a review.

When, following AECB insistence, the design
review was carried out, it revealed, among other
things, that the location and shielding arrange-
ments of the emergency cooling system recirculation
piping and the vapour recovery 3ystem ducting were
completely inappropriate in the event that a large
number of fuel failures occurred. Radiation from
fission products in this piping would have resulted
In unacceptably high radiation fields in the main
control room and other critical areas of the plant.
As a result, immediate changes were made to emer-
gency procedures, and shielding was installed to

make these areas habitable. At Darlington, most of
the corresponding ECCS piping is now located in a
well-shielded trench at a low elevation.

The need for an effective heat sink for emergency
core cooling systems was also identified as a
result of AECB review of the Bruce 'A' design.
This emergency cooling system design was originally
based on the concept that the vault coolers would
act as the heat sink by condensing steam released
from the primary heat transport system. However,
this mode of operation proved difficult to analyze,
and in any case it was subsequently noted by AECB
staff that excess water from the dousing tank would
most likely result in flooding of these coolers,
which are located at a low elevation. At the time
of reactor start-up, it was proposed that a heat
sink be achieved by filling the secondary side of
the steam generators and the steam piping with
water. Obvious difficulties presented by this
approach led to a request by the AECB to install
dedicated heat exchangers as part of the emergency
core cooling system. This approach has been
followed in reactors licensed since that time.

5) Correction of Design and Manufacturing Errors

Several errors in design and manufacturing have
been identified and corrected as a result of tests
and a-i.ilyses required by the AECB. The following
are examples.

a) Dousing System Fibreglass Risers

At Bruce 'A', the fibreglass risers between the
dousing tank and the upper vacuum chamber were not
designed to withstand the pressure differential to
which they are subjected when the system operates,
due to a design error. Licensees did not propose
to conduct a full-scale commissioning test of the
dousing system because of its apparent simplicity.
Nevertheless, the AECB insisted that such a test be
done. The test revealed the design error when the
fibreglass risers failed, preventing dousing from
taking place.

b) Emergency Coolant Injection iystem

At both Point Lepreau and Gentilly-2, the AECB
required that a commissioning test of emergency
injection into the primary heat transport system be
conducted, despite opposition to such tests by the
licensees. The tests revealed that, for a small-
break loss-of-coolant accident, pressure oscilla-
tions in the heat transport system resulted in the
injection valves opening in a series of short steps
rather than in a continuous fashion. In addition,
flow meters for which the design was appropriate
for a large break proved Incapable of verifying the
rate of flow in the injection lines for the more
likely small-break situation.

c) Regional Overpower Flux Detectors

Commissioning tests at high power were conducted
at Point Lepreau and Gentilly-2, to ascertain the
accuracy of the predictions of flux shape and
channel powers for various configurations of reac-
tivity control devices. AECB staff questioned
certain results of these tests which app-ared to be
anomalous in that the change in flux was in the
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opposite direction from that predicted. Following
these questions, it was discovered that the
anomalies were due to the fact that several
regional overpower flux detectors were connected to
the wrong channels of one of the shutdown systems
of both reactors.

CONCLUSION

The cost of regulation of nuclear power reactors
in Canada is a relatively small proportion of the
total cost of producing power. It is the opinion
of the AECB that regulatory activities have resulted
in benefits to the industry, in terms of public
acceptance of the CANDU program, and to the safety
of reactor workers and the public.
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ABSTRACT

Relationships between the major participants in the
nuclear safety management system are examined.
Convert" nt goals are sought for each participant. The
objective is to provide a basis for productive evolu-
tion of the system of nuclear station licensing in
Canada. It is concluded that concentrating on careful
examination of plant process failures in operating
stations would serve the interests of all participants
in the positive manner and make an important
contribution to the assurance of public safety.

INTRODUCTION

The degree of public protection offered by modern
CANDU nuclear stations, coupled with current standards
of training and operating practice, is more than
adequate to meet the original goal: that the public
risk from operation of CANDU nuclear power stations
should be lower than that of equivalent industrial
enterprises (1). We have all the equipment and
knowledge required to do the job; it is essential now
only to assure that we operate the plants safely at
all times. This is not, any longer, a high technology
assignment even though the means of its accomplishment
requires some sophisticated equipment. Assurance of
safety in nuclear plants has become the same type of
problem as safety assurance in any field, - it re-
quires a well-structured system, a strong sense of
responsibility, personal commitment, and constant
vigilance. It is predominantly a question of human
relations.

During the past twenty years the term "nuclear
safety" has been associated with elaborate theoretical
scenarios describing the progress of hypothetical
accidents• intense arguments between proponents and
regulators about proof of plant safety capabilities,
and expensive experiments conducted to support licens-
ing cases. Much of this activity has been useful in
separating the Important from the unimportant and in
clarifying the technical factors which enhance real
safety. A great deal has been learned in this pro-
cess. Safety design practice has improved. There
also have been, inevitably, some differences of
opinion on adequacy of safety provisions and the
level of conservatism necessary in describing event
sequences for licensing purposes. There has been a
great deal of discussion on arcane topics which has,
to some degree, obscured the real safety objectives
and achievements of the industry.

Due to the nature of the licensing process the
resolution of issues usually falls in favor of the
regulatory side. Plant owners have "won" very few of
these arguments. The regulatory view always lies on
the conseivative side with respect to probability and
consequence of accidents. This imbalance has resulted
in a strongly pessimistic view of plant safety being
presented In publications, licensing documents, and so
on. This pessimistic view has been communicated to

the public, who generally react to the high conse-
quence estimates but ignore the very low event
probabilities. The strong regulatory influence also
has resulted in a certain degree of resignation on the
part of plant owners and grudging acquiescence with
whatever rules are imposed by the regulators. The
process developed in Canada has been more objective
than the one follewed, for example, in the US but even
in this country a rather gloomy picture has evolved.
In spite of an excellent safety record and powerful
financial benefits, about half of the Canadian people
still declare their concern about the use of
nuclear-electric energy (2).

Nuclear plane technology is much more difficult in
this respect than, for example, commsrcial aircraft
'echnology. In the aircraft example many identical
machines are constructed and each is tested thoroughly
in flight before being put into service. Mistakes are
corrected and, if necessary, changes are incorporated
into all units of the type. Testing and retesting
incurs risk to flight crews, but not passengers. Many
thousands of people have the happy experience of
arriving safety at their destination and so tend to
discount the occasional bad news. This feeling of
safety may well be enhanced by the fact that the
persons most responsible for getting them there, the
flight crew, also must brave the journey. This
personal risk probably exerts a positive influence on
the crew ir. their attitude to their work as well as
their attention to the mechanical fitness of their
machine. Even though hundreds die in airline
accidents every year, people keep flying. Safety, it
seems, is a state of mind.

By comparison with the aircraft example, very few
nuclear plants are built. Their life cycle is much
longer so fewer "generations" of plants exist in a
given period of time. Since the first CANDU plant was
built the evolution of design is comparable to that
between the Douglas DC3 and the Boeing 747 - but the
evolutionary steps can be counted on two hands,
generally with one plant per step. There has been
little chance to learn from failure experience until
recently. Nonetheless a very high standard of safety
has been achieved - a tribute to the skill of all
those involved in the process. On the other hand, the
absence of fatalities coupled with continuing
discussion of disaster scenarios leaves the impression
in the public mind that such a disaster is imminent.
Few people have direct experience of a nuclear plant,
so the technology remains mysterious. Extremely
pessimistic estimates of health consequences give the
impression that these plants can be very dangerous
(over half of the people recently surveyed in the US
and Europe think they can blow up like nuclear bombs
(3)). In reality a nuclear station is easier to
operate safely, in many ways, than is a commercial
airliner. The major factors are greater defense in
depth, longer time for response to failures, access
for "in-flight" inspection and testing, and simpler
"landing" procedure. Defense in depth extends to the
operating crew as well - a number of people are



available to Jeal with nuclear plant upsets.
Realistically, the maximum public health consequence
of a plant accident is similar to or less than that of
an airliner crash. And yet more and more safety seems
to be the order of the day. Something is wrong (4).

The present hiatus in design and construction of
new plants presents an opportunity to take stock of
the Canadian nuclear safety management system. New
directions should be set now if any changes are
needed. Topics which might be addressed fall inco two
major categories: the technical and the human
aspects. Technical aspects already receive adequate
attention. This paper addresses the various human
factors influencing safety management and suggests
some ways in which the system could be made more
effective in the future.

THE SAFETY MANAGEMENT SYSTEM

Reference 5 gives a brief outline of safety
management as it should operate in Canada. Figure 1,
a modified version of the one presented in that paper,
illustrates the major relationships between the
participants. The central role is occupied by the
Operating Company, acting in the interest of the
public. On the right side of the Figure the audit and
control functions of the AECB and their staff are
identified. The Designer/Builder and Scientific/
Technical Community are shown on the left side of the
Figure. The base triangle of this Figure constitutes
the central technical unit of the system. These three
organizations decide the features of the plant which
are essential to safe and economical operation. This
paper is addressed primarily to this group; how they
operate together, what problems exist, and how these
problems might be resolved in the future. But first a
few words about the other actors in the game.

PUBLIC

SCIENTIFIC/
TECHNICAL
COMMUNITY

SAFETY
STANDARDS

'AUTHORITY

DESIGNER/
BUILDER *

REGULATORY
' STAFF

FIGURE 1: THE SAFETY MANAGEMENT SYSTEM.

The Public Is placed at the top of the upper
triangle in the Figure to indicate their paramount
control over the process. Their authority is
delegated Co government agencies, which are assigned
to act in the best interests of the people. The
public still exert a powerful influence over day to
day events because of their strong awareness of and
concern with nuclear safety matters. This influence

operates on the political process largely through the
public media; it is an indication of the Canadian
trend away from representative democracy and toward a
more participatory style. We all can think oz
instances in which this influence has had a direct
effect on government and industry actions. It is
clear that the Operating Company must maintain active
participation in this public discussion process in
order to ensure that rheir point of view is
understood.

The Safety Standards Authority (in Canada the
Atomic Energy Control Board) is charged by the people
with the job of sanctioning and auditing the
activities of the Operating Company. They also must
participate in the public discussion process in order
to inform the people of their position on matters of
concern. Some people have the mistaken impression
that this body is directly responsible for safe
operation; it is very important for them to avoid
being placed in this position. It implies that they
muse direct and manage every detail of actual
operation. If they eventually find themselves forced
into such a role (as is nearly the case in the L'S)
then it follows that a new body must be created to
oversee and audit their activities. It also implies
that, when something goes wrong in nuclear operations,
both the Authority and the government to which they
report are immediately responsible. This is a very
heavy policical burden to carry. In their more
manageable auditor's role the Safety Standards
Authority must only define the limits of acceptable
activity and exercise their delegated authority to
stop the activity when violations are detected. These
are by no means simple tasks because of the large
measure of judgement between conflicting opinions
which often is required. However, placing the prime
operational safety responsibility firmly with the
Operating Company greatly simplifies their job at the
same time as it makes the Operating Company's task
more manageable. This position is stated clearly in
AECB publications (e.g., 6). The fact that authority
must be assigned to the responsible unit is a more
difficult concept on which to reach agreement.

The Scientific/Technical Community which assists
the Operating Company, the Designer/Builder, and to
some extent the Regulatory Staff, in developing the
technology of safety is also part of the top triangle
of the system through their responsibility to inform
the public of potential impacts of nuclear technology.
Their professional point of view is seen to be
independent and objective by a large majority of the
people. It is vital for them to maintain this trust;
the only way in which they can do this is by holding
strictly to their professional integrity. Such a
position is not always easy to hold for individuals
employed by organizations whose vital interests are
involved either directly or indirectly. The first
requirement is an enlightened management which
respects this goal and recognizes its long-term
advantages. The second requirement is for a strong
professional association of individuals in the
Scientific/Technical Community. A strong technical
position is crucial to the Operating Company which
must make a number of engineering judgement decisions
in order to carry on their business. These decisions
must be based on the best available scientific
evidence, but not be limited by it. This necessity
must be recognized in turn by the Scientific/Technical
Community. Successful engineering is the art of
choosing the correct course of action in the absence
of complete information; it cannot be restricted to
the rigorous proof system of science.



9.17

Returning Co the base triangle of Figure 1,
relationships between the three main participants
change over the project life cycle (7). During the
design and construction phase, the Operacing Company
(usually the owner) contracts with the Designer/
Builder to supply the plant. The Regulatory Staff
monitors the design process, reviews the safety
aspects of design, and recommends actions to the
Safety Standards Authority at specific stages of the
project (8). During the operating phase the major
interaction is between the Operating Company and the
Regulatory Staff. It comprises mostly the discussion
of safety performance against established standards,
plus occasional review of new information coming
either from operating stations or from safety research
activities.

HUMAN INTERACTIONS IN THE LICENSING PROCESS

The three main participants in this process have
somewhat different perspectives and motivation.
Examining each group in turn may give some insight
into these differences as a guide to finding their
common goals. What is sought is a common interest
from which evolution of safety practices can proceed.
The organizations are considered as single entities
while recognising that each is composed of a number of
individuals> each of whom may differ fr^ra the official
position of the organization on a number of issues.
The following list of interests does not incluae the
moral and ethical positions of the participants; these
are taken as known quantities.

The Operating Company is in the business of selling
electricity. They will choose their first nuclear
plant it and only if it meets their generation needs.
Once one or more such plants are chosen, however, the
depth and period of their commitment is very large, -
a multibillion dollar investment with an operating
time of 50 to 75 years. The Operating Company is
interested in receiving a plant which meets their
specifications at a minimum cost in both money and
cine. The plant should contain minimum complexity
consistent with economy and safety. They are then
interested in running this plant with maximum net
income for a long as feasible. They have a prime
interest in avoiding plant outage and damage, both of
which reduce nee income (9). Since they operate very
much in the public view, they are interested in
maintaining a positive image.

The Designer/Builder is in the business of selling
nuclear plants. They are interested in maintaining a
steady flow of business and generating maximum net
income from che business. They are interested in
project schedule and cost factors which affect this
income, and in plant performance as it impacts
potential customers' opinion of their product. Since
all customers operate in a regulated environment the
Designer/Builder has a direct interest in the
acceptability of the product from the point of view of
licensing. The licensing environment has a strong
influence on the Designer/Builder's performance on a
given project because it partly determines the cost of
engineering, equipment and installation as well as
being a potential contributor to the high unit cost of
schedule delay.

The Regulatory Staff is in the business of carrying
out the mandate of the Safety Standards Authority to
ensure that the other two parties are carrying on
their business in the interests of public safety.
They have no direct interest in design, construction,
or operation of nuclear plants. The only direct

economic influence on regulation is the government
policy that regulations must be cost-effective ir.
their effect on public safety; that is, rules imposed
on Che Operating Company must have a positive impact
on actual safety during operation in proportion to
their cost. A strong indirect economic influence
comes through the efforts of the government as a whole
to serve the economic and health interests of the
people. These interests are not likely to be served
by forcing the coses of nuclear generation ever
upwards until the choice for new generation capacity
passes to other less satisfactory methods.

Interaction of these three groups produces some
interesting effects. The Designer/Builder proposes a
design considered to be within the existing standards.
This design is presented on behalf of the Operating
Company, which may or may not be closely involved in
the process. The Regulatory Staff critiques the
design and invariably comes up with some areas where
improvement seems to be needed. The Designer/Builder
reacts either with design changes or with more
analysis in proof of the original position. An issue
is identified and a discussion develops which
sometimes goes on for years. Each side wants to "win"
something from the other. The proponent often ir.akes
an appeal for acceptability on the basis of low public
risk; this argument usually is rejected by the
Regulatory Staff. They ask for more detailed, more
conservative analysis from the proponent in hopes of
receiving evidence which supports their case. New
rules are sometimes invented "on the fly" to justify
an argument. Most often the issue is resolved through
agreement by the Operating Company to install
additional equipment in the plant or to institute new
procedures. These issues usually are resolved at
critical dates such as first operation and license
renewal, when the Regulatory Staff has maximum
leverage over the proponent. The final desigr.
becomes the starting point for the next round of
arguments on the following project. This is the
familiar regulatory "ratchet" process in operation -
it leads to steadily increasing cost and plant
complexity.

There is a second type of ratchet which develops
from the decision process. Occasionally, an issue
arises on which the Operating Company or the
Designer/Builder takes a strong position of
disagreement with the Regulatory Staff. The issue is
raised up the management line on both sides of the
argument until a ruling is made. Compromise
decisions which are agreed to by senior management
leave an issue only partly resolved in the minds of
some members of the Regulatory Staff. Such issues
are reopened later, sometimes several years after the
plant begins to operate. By this time, of course, Che
Designer/Builder is no longer a participant in the
project. A new agreement eventually is reached which
sometimes reverses the original decisions and leads,
as before, to changes in equipment or procedures.
These "unresolved" issues represent a major financial
and public credibility risk to the Operating Company.

Once the initial full-power operating license has
been granted the Operating Company often expects that
contact with the Regulatory Staff will be limited to
routine audit procedures and reporting. This has not
been the case to date, at least partly due to the
lack of a policy for dealing with changes in safety
standards which have occurred over the past several
years. Unresolved issues have been carried over for
resolution during the operating period. The
Regulatory Staff is reluctant to accept continued
operation of units built and licensed to the older
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standards. This response may be due partly to
political pressures. The government of the day may be
unwilling to be exposed to charges that one ot their
agencies is "bending the rules". (In the absence of a
clear backfitting policy, this provides a good reason
to restrict rulemaking to the principles of public
protection rather than extending it to the details of
design.) Pressure is brought against the Operating
Company to upgrade to current standards; this is often
a difficult and expensive procedure and is therefore
resisted. Such resistance can grow to include all
proposed changes regardless of their safety merits.
The Operating Company has no basis on which to argue
their case other than the fact of earlier regulatory
acceptance of the design. This process does not have
a strong adverse effect on the Designer/Builder; in
fact, it may offer business opportunities.
Individuals working in these organizations can exert
considerable influence on the process. On the
proponent side, advancement opportunities may accrue
to those who save money or time on a project or in an
operating stacion; this can generate pressure to get
the "right" answer rather than getting the answer
right. The same process can evolve on the regulatory
side if advancement is offered to the "toughest"
individuals rather than those who demonstrate balanced
judgement.

The behaviour patterns described here are
understandable in the context of a new industry which
developed rapidly without much background of
operating experience and with a great deal of unknown
technical data. Some of the engineering judgements
made in the past have been proven wrong. Some of the
safety practices previously accepted by the
Regulatory Staff have been found to be incorrect.
Public opinion of what is "safe enough" has become
much more stringent. Regulatory emphasis has been
placed on the major accident end of the spectrum,
where uncertainties were greatest. The atmosphere of
uncertainty has resulted in considerable debate and
confrontation between regulators and project
proponents. Now that the CAJT.'O system has reached
maturity with most of the important uncertainties
reduced to reasonable levels, and with rapidly
accumulating operating expedience, these behaviour
patterns should change to reflect current realities.
If they are allowed to persist unchanged,
nuclear-electric generation is unlikely to flourish in
the future.

On the surface what appears to be needed is a
complete set of detailed rules under which a plant
would be designed, built, and operated. This course
of action has a strong appeal for the Designer/Builder
whose control over project schedule and cost is
greatly enhanced by having a fixed set of design
acceptance criteria. It is less attractive to the
Regulatory Staff because it limits their freedom of
action in reviewing a design. Any rulebook which is
acceptable to the regulator is likely to contain an
open clause (perhaps as simple as the word "all" in a
statement of requirements). If the US experience is
indicative, the rulebook approach is ruinous in the
long tern because the requirements become so extensive
that the plants are priced out of the market. The
Operating Company is especially skeptical of this
approach because of the problems it causes to existing
operating plants with regard to backfitting. They
also recognize that safe operation cannot be achieved
by rules alone through their direct experience in
running plants. The rulebook approach diminishes
their sense of responsibility for safe operation
because it appears to be a recipe which need only be
followed to the letter to achieve safety. Some degree

of documentation of licensing requirements obviously
is necessary, but will be more effective if limited
to general principles of public protection rather
than being extended to include details of design and
operation.

Most people would agree that the licensing process
should concentrate effort on the remaining important
topics with regard to public safety and should
standardize practices in less important areas which
have been resolved. This is not to say that a
comprehensive review need not be done on each plant;
it can, however, be carried out by exception through
comparison with existing analyses. Remaining
important areas are suggested by a brief review of
the risk spectrum.

THE RISK SPECTRUM

The public risk spectrum from nuclear plant
operation is generally recognized to have a negative
slope and curvature on a log frequency vs log
consequence plot. Figure 2 is a sketch of such a
curve. The trend toward reduced frequency at the high
consequence end of the spectrum is strongly in
evidence now (10). Recent findings in the field of
fission product chemistry provide the expectation
that consequences of major accidents, if they occur,
will be considerably lower than those calculated in
the past. It is very likely that the end result of
current work will be a reduction of calculated
major-accident consequences hy two or three orders of
magnitude in the 10" to 10" probability range. The
decreasing frequency shown at low consequence is
largely a matter of improved equipment, training, and
operating practice. This curve also can increase with
time due to attitude changes in the Operating Company
or aging of equipment without a strong preventative
maintenance policy. The risk assessment range is just
beyond our collective direct experience; it is the
frequency range where probabilistic safety evaluation
is useful.
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FIGURE 2: THE RISK SPECTRUM.

Figure 2 represents the conventional risk
spectrum, which bounds all known failure modes.
There is another set of events which is familiar to
those who have investigated accidents after the fact.
These are the unknown failure modes, the sequences
which were unexpected before their occurence. Ott
and Marchaterre (It) described this class of evencs



in general terms; an application of this method to
some failure histories in Pickering A is given in
Reference 12. Historically, most reactor accidents
have fallen into the unknown failure mode class.
These must be considered in any overall safety
evaluation; the fact that they are not quantifiable is
often stated as the reason for doing all accident
analysis with conservative assumptions. Systematic
design evaluation followed up by careful assessment of
operating procedures can reduce Che population of this
class of events; this is the essential purpose of
probabilistic safety evaluation.

The degree of conservatism present in the single
failure portion of the Siting Guide can be seen by a
simple Bayesian analysis of past operating experience
(13). Given the knowledgt of over 100 operating years
with no significant serious process failure
consequences to Che most exposed individual, we can
estimate the likelihood of such an observation
assuming various event frequencies. Table 1
summarizes this analysis. The data indicate that it
is unlikely the total rare of "serious process
failures with consequences" i . as high as one per 30
reactor years, even with a ui .:ora prior distribution
assumed for each postulate frequency. A more
reasonable prior distribution further reduces this
likelihood. One can conclude from these data that the
Siting Guide consequence limit at a 1/3 frequency is
much higher than necessary, provided that CANDU
reactors are operated with the same level of care and
attention in the future as in the past. This is
exactly the result one would expect if the real
"defense in depth" were more effective than was
assumed originally. A similar analysis could be
carried out at a consequence level of 1 percent of the
single failure limit; the observation in this case
would be the accumulated normal operation records -
which include the offsite consequences of all process
failures that have actually occured.

TABLE 1: PROCESS FAILURE EXPERIENCE: FREQUENCY OF
SINGLE FAILURES WITH OFFSITE CONSEQUENCE,
GIVEN KNOWLEDGE OF ZERO OCCURENCES IN

100 REACTOR YEARS.

POSTULATE NUMBER
2 3 4

POSTULATED FREO.UENCY

PROBABILITY OF ZEHO OCCURENCES

IN 100 REACTOR-TEARS*

A. UNIFORM PRIOR DISTRIBUTION

PROBABILITY OF POSTULATE

PR0SA3ILITY OF POSTULATE

W E N ZERO OCCURENCES

S. ESTIMATED PRIOR DISTRIBUTION

PROBABILITY OF POSTULATE

PROBABILITY OF POSTULATE

GIVEN ZERO CCCUScl.CES

3.W1 3.11T2 3.iff3 3.Iff' 3.Iff5

- 0 .03* .716 .967 .997

0.2 0.2 0.2 0.2 02

~0 .02 .27 ,3S .36

- 0 .01 .3 .5 .09

- 0 .001 .28 .61 .11

* PF.0E43ILI.TY . ( I - POSTULATED F R E Q U E N C Y ) 1 0 0

The weakness of this type of analysis is that it
cannot "see" the low frequency, high consequence
category of failures with the limited operating
experience which exists. Precursors to such events
can, however, be examined using the isotonic
regression method (11,12) combined with recording of
failures to key protective systems. The source of
data for this analysis vould again be operating
records, particularly those for unplanned events.

CONVERGENT GOALS

It is presumed that the basic goal is common to alJ
three of the participants; that is, prevention e:
significant negative health effects to the public anc
operating scarf. The question is how to operate chc
safety management system to best foster this goal.
In Canada we are fortunate in having a strong basic
system already in place. The Siting Guide and the
practices which have grown up around it give boch
quantitative and measureable objectives. Single and
dual failure limits can be met with existing
equipment. Severe accidents beyond the dual failure
limit can be discounted because of the fission
product control processes mentioned above and because
of the lack of a mechanism for early containment
failure. Since moderator cooling essentially
eliminates the meltdown accident in CANDU (14),
disaster scenarios are beyond serious consideration.
A new direction is needed.

For the future, the Operating Company's interests
will be best served by continual renewal of the
message of safe practice directed to Che operating
staff - with prevention of economic loss as the major
abjective (9). The interests of the Regulatory Staff
will be best served by monitoring the operation of
plants and asking questions on the implications of
operating events - with the major objective oi
testing the operations group so as to ensure that
they are knowledgeable on safety matters and aware of
the potential consequences of failure. The interests
of the Designer/Builder will be best served by careful
observation of operating experience to provide ideas
for development of better and more economical designs
for future plants.

The Siting Guide framework can be used as a basis
for satisfying these interests. It already contains
the concept of "serious process failure" with a
defined total frequency and acceptance level for
consequences per annum. This concept can be extended
easily to include other process failures which are
"serious" only with respect to economic loss. Any
reduction in the expected frequency of process
failures can be viewed directly as an improvement in
public safety (15). It also can be considered as an
improvement in plant protection against financial
loss. Finally, such an improvement can be seen as a
direct indication of higher capacity factor which is
achievable with the CANDU system. Thus a reduction
of process failure frequency serves the interests of
all three participants in a positive manner. It is a
measurable quantity which can be used as one
indication of the quality of both operating practice
and economic performance.

It would be insufficient simply to review
unplanned events as they actually occur. For each
event deemed Co be important, a set of additional
single failures would be postulated and the resulting
consequences analyzed. In this way the sensitivity
of consequences to the particular failure sequence
could be seen. These analyses would be fitted into
the framework of a probabilistic safety evaluation to
determine whether or not corrective action vere
needed.

Some changes would have to be made. First, the
Safety Standards Authority vould have to recognize
the public safety enhancement which comes from a
lower frequency of process failures - at the present
time no credit is given for this factor in licensing
proceedings, so there is no incentive for the
licensee to make improvements. Second, the Operating
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Company would have Co recognize Che importance of
unplanned evants Co Che process failure frequency and
carry out carefui analysis of related failure
sequences. Third, che Designer/Builder would have to
review all operating evencs for cheir significance to
design improvement in future plants and for desirable
changes to existing plants.

No immediate changes need be made to conventional
accident analysis now done for licensing other than to
incorporate knowledge gained from the process failure
analysis into the classification of various single and
dual failure sequences. The only evencs which may not
change much in expected frequency are those which
proceed into the serious process failure range in one
step, such as the large LOCA. Even here, the
suggested process would provide a strong incentive to
develop systems for early detection of pipe leaks and
for effective in-service inspection. The eventual
goal would be Co demonstrate, through direct operating
experience, that these nuclear plants are extremely
safe; that is, they are "good neighbors".

CONCLUSION

Recognition of their convergent paths by each
participant in the safety management system can reduce
the spirit of confrontation and hostility which exists
between the regulatory and proponent sides of the
nuclear industry. Such recognition is essential to
prevent a continuing spiral of new rules and complex
systems in nuclear stations. Concentration of effort
on the process failure end of the accident spectrum
serves the interests of all participants as well as
making a strong contribution to the goal of safe and
economical operation.
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ABSTRACT

This paper reviews the historical record of
nuclear power plant construction in Canada and
concludes that, although it compares well with that
of other countries a new licensing approach is
required to help retain Che economic viability of
the nuclear option. The up-front licensing
process, presently being pursued for the Point
Lepraau Unit 2 NGS, is discussed. Significant
progress has been made in.discussing a new approach
with the Atomic Energy Control Board (AECB) and it
appears that an agreed upon licensing basis for the
Point Lepreau Unit 2 NGS can be established prior
to project commitment.

INTRODUCTION

The economic viability of the nuclear industry
in North America and abroad is largely dependent on
its ability to control and reduce project costs and
schedule. Significant reductions are required to
reverse the current trend observed in North
America. In 1984 there were 27 coal fired stations
under construction for every 1 nuclear plant. With
such a small nuclear market, competition among the
nuclear power plant suppliers has become extremely
tough. These factors demand that some new
initiatives be taken by the nuclear industry to
remain competitive.

Paramount to the cost and schedule reduction
effort is the achievement of design finalization
before construction start. This minimizes the risk
of schedule delays due to design changes during
construction. As a result of design finalization,
the licensing and safety requirements can be
identified early. Hence, much of the safety
analysis can be done prior to construction start.
This helps to reduce the risk of schedule delays
due to licensing related design changes.

The rewards that accompany finalization of the
plant design before project commitment have been
recognized for quit* some time. In Japan,
completing the design prior to starting
construction, along with a one-step licensing
process, has allowed the Kansai Electric Power
Company to reduce the construction time of two
nuclear units to 39 months (from construction start
to fuel loading). The U.S. is following this trend
with standard design approvals. The NRC has
already issued final design approvals to several
vendors, and all vendors have preliminary
approvals. The one-step licensing process is also
being pursued, by the introduction of legislative
proposals in the Congress.

The CANDU 600 reactors now in operation and
under construction have achieved a high degree of

standardization. The proposed Point Lepreau Unit 2
NGS is based on the standard 600 MM CANDU design
and is essentially a replication of the Point
Lepreau Unit 1 NGS. Substantial replication is
made possible by the excellent operating experience
demonstrated to date by this plant. The safety
record has likewise been excellent. Hence, for
such a design it is appropriate that the licensing
of a second unit at Point Lepreau should be based
largely on the Unit 1 safety assessments. This
would allow the licensing of Unit 2 essentially at
construction start.

NEED TOR UP-FRONT LICENSING

To achieve a minimum duration construction
schedule, as the Japanese have done, nothing can be
left to chance. Every detail must be carefully
planned and every detail must be executed according
to plan. Licensing is no exception.

When the licensing history in Canada is
reviewed, i t is difficult to point to any single
licensing issue that by itself may have contributed
to schedule delays. The historical records
(Figure 1) indicate that i t has taken significantly
longer to construct Pickering a and Bruce B than i t
has taken to construct Pickering A and Bruce A,
respectively. However, many factors have
contributed to these longer schedules. Although
the average construction time, in Canada, increased
from 5 to 7.3 years (starting with Pickering A
unit 1), i t compares favourably with that of other
countries. But the Japanese have issued a
challenge to everyone with their excellent
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FIGURE 2

performance at Takahama units 3 and 4. Clearly,
with such short construction schedules licensing
could become a significant project risk.

Another historical record is shown in
Figure 2 - a photograph of the documents required
to license the Canadian reactors listed in
Figure 1. Mote that for simplicity, only the
Safety Report end Safety Design Matrix studies are
shown in the photograph. If all other supporting
documentation would nave been added the conclusion
would be the same. This photograph shows that for
Pickering A, a world class performer, a safety
report consisting of two volumes (single column and
large type) sufficed for an operating licence,
significantly more documentation was required to
license subsequent reactors. A clear trend has
been established. For Point Lepreau unit 2, it is
certain that the documentation pile will be higher.
The only uncertainty is in trying to estimate how
high it will be.

A further historical trend is recorded in
Figure 3. This figure shows that the bulk of the
applicant's licensing effort required for a reactor
licence is concentrated at the tail end of the
project. The shape of the curve may not be
identical for each project, but it is typical.
Assuming that the licensing effort for Point
Lepreau unit 2 would not be significantly different
than that for unit 1, it is doubtful that unit 2
could be licensed in a much shorter period
following the traditional licensing approach.

Given the above historical trends, it is clear
that a new approach to licensing is required to
achieve a significant schedule reduction. For
Point Lepreau Unit 2, a new approach was developed,
initially, as part of an overall program aimed at
minimizing project risks. This is required to
offer a firm price and schedule which are
prerequisites for obtaining project financing.
It was soon recognized that to gain the advantage
of a shorter construction time, a new licensing
approach was essential. The licensing approach
developed for Point Lepreau Unit 2 is illustrated
in Figure 4. The aim of the up-front licensing
program is to shift the applicant's peak licensing
effort on analysis and documentation from the

operating licence stage to the construction licence
stage. This goal can be achieved provided that the
demand for analysis and documentation does not
escalate and design changes are not introduced
after construction begins.

I
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FIGURE 4



OBJECTIVE The general approach being followed is to:

The objective of the up-front licensing program
is to minimize and define project risks from the
licensing process by obtaining early agreements
with the AEC3, which wili lead to a timely issue of
the Construction LicenQe and definition of the
conditions under which an Operating Licence would
be granted.

1. define, document and obtain agreement on the
licensing requirements,

2. ident i fy and assess the impact of new
requirements on plant design during the
pre-project phase an<i implement necessary
changes to the design early.

The elements for success of the up-front
licensing approach are basically the same as those
for the one-step licensing process practiced in
Japan. They are:

1. a high degree of design completion at
construction licence,

2. a high degree of safety analysis completion at
construction license, and

3• a firm licensing basis which prevents escalation
of requirements during the construction period.

For the second unit at Point Lepreau, the first
two items are in place due to the applicant' s
desire to replicate unit 2. The third item is
being pursued with the AECB to minimize the project
risk associated with obtaining an operating
license.

Experience indicates that the licensing activity
ha3 two major components which can contribute to
project risk:

1. the escalation of licensing requirements during
construction, particularly at the tail end (for
example, moderator temperature trip, ECCS heat
exchanger bypass and SDS2 liquid poison on-line
sampling system), and

2. the demand for new 3afety analyses during
construction (for example, LOCA/LOECC
reanalysis, LOCA without Class XV power analysis
and ROP trip setpoint reanalysis).

Both of these components have the potential to
adversely impact costs and schedule.

PROGRAM DESCRIPTION

Given that Point Lepreau Unit 1 is a recently
licensed reactor, with an excellent performance
record, the establishment of a firm licensing basis
for Unit 2 needs to consider only those changes
relative to Unit 1. These consist of:

1. changes resulting from new regulatory
requirements (requirements introduced after
July 1982 and those introduced earlier but not
applied to Unit 1), and.

2. changes resulting from new codes and standards,
equipment obsolescence, or large reduction in
cost or schedule.

3. ut i l ize Unit 1 safety assessments to the
greatest extent possible,

4. perform safety analysis work early, to minimize
potential impact on project schedules,

5. establish a licensing schedule which would allow
a timely and orderly submission and review of
safety assessments, and

6. obtain a conditional operating licence at
construction licence time (such a licence would
anticipate the completion of any outstanding
safety analysis, which would be performed in the
prescribed manner to meet the prescribed
acceptance criteria)•

This program is being carried out in two steps.
The first step is to define regulatory requirements
and to identify any impact on design and the second
step is to perform and submit the required
analysis.

Regulatory Requirements

This step began with the identification of the
general regulatory requirements that would apply to
Point Lepreau Unit 2. As indicated in Figure 5,
the general requirements are documented and
discussed under five categories:

design
- analysis
- construction
- commissioning, and
- operation.

To date, the bulk of the discussions have
concentrated on design and analysis, where
significant changes in regulatory requirements have
occurred in recent years. of the two, analysis
requirements have received the larger share of
attention, as this is clearly the area of interest
to AECB staff and consequently to the licensee.

As indicated in Figure S, the Licensing Basis
Document (LBD) is the high level document which is
used to record the licensing requirements for the
project and will be referenced in the Construction
Licence as the basis for a licensing agreement.
The regulatory requirement definition phase will
occur entirely during the pre-project phase. That
is, prior to project commitment.

A change control board, composed of senior
staff, was introduced during the pre-project phase
to control the design configuration in order to
preserve the validity of the Unit 1 safety analyses
and the plant detailed drawings which already
exist. As for item 1, changes in licensing for
Unit 2 arise mainly from AECB Consultative
Documents C-7, c-8 and C-9 and from the requirement
for a systematic review of the plant design.

Design Requirements

Discussions on design requirements have focused
on the recently published AECB Consultative
Documents C-7, C-8 and C-9 and other requirements
not yet published in regulatory documents. These
documents were reviewed clause by clause with the
AECB, to ensure that the intent of specific
requirements was clearly stated and understood.
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FIGURE 5 POINT LEPREAU-2 UP-FRONT LICENSING STRUCTURE

Analysis Requirements

The basic, general anslysis requirements can be
stated simply. The licensee oust:

perform a systematic review of the plant design
to identify the events of potential concern,

- perform an evaluation of each event and analyze
the potential consequences, as appropriate, and

report the results of the evaluations and
consequence analyses in a comprehensive and
systematic fashion.

Returning to Figure 5, the systematic review
document for Point Lepreau Unit 2 contain* the
general analysis requirements. It discusses
regulatory requirements under four headings:

1. events to be evaluated and the process used for
identification of such events,

2. identification of analysis objectives and
categorization of events according to
objectives,

3. analysis methodology according to analysis
objective and event category, and

4. acceptance criteria according to event
category.

The systematic review document has identified
four event categories labelled A, B, c and D:

A. - classical, deterministic analysis

B - probabilistic safety assessment (SDH type analysis)

C - common cause effect analysis, and

D - low risk event evaluations.

Hore detailed requirements are discussed in
lower tier documents such as Safety Analysis Basis
(SAB) documents, the Probabilistic Safety
Assessment (PSA) program description and the Common
Cause Effect Analysis program description, as shown
in Figure 5.

Analysis Phase

The second step of the up-front licensing
process is to perform the additional analysis,
relative to Unit 1, identified in the Systematic
Review document. This is expected to commence at
the completion of the first step. It is
anticipated that some of this work could stretch
out into the early phases of the actual project.
The intent is to complete the analysis work early.

AREAS OF CONCERN

The up-front licensing approach has been adopted
to help solve a major industry problem, but the
process is not trouble free. Some areas of concern
are discussed below.

with the new approach, both the licensee and the
regulator oust "bite the bullet" before the plant
is even committed, and must honour the agreements
in the face of a changing technological
environment.

The AEC8 will be constrained by the licensing
basis agreement to accept requirements in existence



jjrior to the start of the project, even though new
requirements may evolve faring the life of the
project. Likewise, tne designer/licensee/operator
is constrained to make all major design and
operating improvements up-front and to ijnpose a
rigid change control procedure. This is equally
difficult, as changes in technology tend to outpace
changes in regulatory requirements.

Another area of concern with the up-front
approach is the arrival of new significant
information, which may arise from R&D activities or
from the operation of nuclear power plants. The
nuclear industry experiences a continuous flow of
information relevant to the design and operation of
nuclear reactors. This flow of information is
essential to ensure the continued safe operation of
nuclear plants. However, albeit very rarely,
new information can bring to light potential safety
concerns. Responding to a new safety concern could
pose a significant risk to a project under
construction, with a very tight schedule.
The AECB exercises a significant amount of
discretionary power in raaking decisions based upon
new information. The situation is almost never
black and white and many factors must be considered
in making such decisions. Clearly, the
establishment of a formal procedure for making
these decisions is essential. However, very little
progress has been made on this issue.

Although this problem is not brought about by a
change in the licensing process, the potential
consequences are magnified due to the tight
construction schedule*

Finally, an up-front licensing agreement for a
new project anticipates the immediate or eventual
undertaking of that project. Given the present
economic climate it could be one or more years
before the second unit at Point Lepreau is
committed. For this reason, the licensing basis
agreement that is now being reached must have a
"shelf life" of several years. At the time a
construction application is submitted, the
licensing basis document will be resurrected and
will form part of the application as well as the
licence. If this waiting period is short no
significant problems are anticipated in terms of
evolving regulatory requirements or safety concerns
arising from new information. However, if the
period between a licensing basis agreement and an
application for a construction licence is long,
then a review of the licensing requirements may be
necessary.

the project commitment date. Despite the lack of 4
formal application, AECB staff nave jiven the Point
Lepreau 'Jnit 2 up-front licensing process their
support and are committed to take it to completion.
The establishment of a licensing basis agreement is
a significant commitment.

PROGRESS MADE

The Point Lepreau Unit 2, up-front licensing
effort has so far established two general
structures upon which an orderly licensing process
can be built. The first is the framework shown in
Figure 5, which identifies the range of documents
required to specify licensing requirements and the
hierarchy of requirements froia a general to a
detailed level. The introduction of the safety
analysis basis (SAB) document into the licensing
structure is a significant achievement. Th= Zn3
document provides a systematic and comprehensive
structure for defining analysis assumptions and
methodology before any analysis work is performed.
The majority of the SAB documents required for
Point Lepreau Unit 2 have been produced, reviewed
and discussed with AECB staff. Agreement has been
reached on some of them. This process of review,
discussion and agreement is ongoing.

The second structure worthy of nots is that used
to define the general safety analysis requirements.
This structure is embodied in the systematic review
document. This document defines analysis
objectives and event categories based on those
objectives. The set of events to be analyzed for
safety and licensing purposes is one which includes
the limiting events used for design purposes, but
it is by no means an exhaustive one, nor does it
need to be. The structure provided by the
systematic review document will allow events which
may be identified in the future to be classified
into the appropriate analysis category. This key
document has been reviewed by AECB staff and
discussed with them. Agreement in principle on
this structure was received early, during the first
review period. Approval of the document is
expected to follow.

In addition to the establishment of the
licensing basis framework and the safety analysis
structure, progress has also been made in the area
of design requirements. Design requirements that
evolved during the construction of Unit 1, but
were not introduced into the licensing process at
that time, have been identified and discussed with
AECB staff.

AECB RESPONSE

The AECB have responded favourably to the new
approach, but are proceeding with caution. This
degree of caution is understandable given the
magnitude of the commitment which is being
requested. The up-front licensing process has
benefits for the AECB as well. These are dealt
with in J.P. Marchildon's paper entitled, "Recent
Developments in Canadian Nuclear Power Plant
Licensing Practices", and are not discussed here.

Traditionally, the licensing process in Canada
is initiated with the submission of a letter of
intent and an application for a construction
license. In the case of Point Lepreau Unit 2, an
application for a construction licence was
scheduled to be submitted to the AECB in the summer
of 1984, but has been delayed due to deferral of

As a result of this review and discussion
process, several design studies have been initiated
to determine the impact of new requirements on the
Unit 2 design.

Although good overall progress has been made in
some areas, progress has been slow. One of the key
factors which is impeding progress is the inertia
that has to be overcome to make improvements. ?or
example, in Canada, the value of probabilistic
safety assessments have been long recognized and
have been part of the licensing process for many
years. However, the problem faced today is that as
the scope of probabilistic safety assessments has
increased, the scope of deterministic assessments
has also increased, even though the systematic
review logic says that it should decrease or at
least remain constant. AECB staff are reluctant to
accept the fact that, for a proven design,
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performing additional deterministic analyses will
not add significantly to plant safety. This is in
light of a large body of new information (from
independent sources) which suggests that the
"source term" is significantly lower than
previously assumed. Operating experience seems to
indicate that the analysis focus should be placed
on probabilistic safety assessments, as these
provide the operato.- better plant response
information.

CONCLUSION

The viability of the Point Lepreau Unit 2
project depends, amongst other factors, on the
ability to ensure a fixed schedule and cost. The
up-front licensing program, described above, was
developed to minimize the risk associated with
licensing (i.e., minimize changes due to licensing

during the course of the project) and to gain the
advantage of a short construction schedule.
Although this program is still on-goirg,
enough progress has been made to establish that it
is a practical approach to helping the industry
become more competitive. It is also felt that the
basic structure developed for the Point Lepreau
Cfnit 2 project can be applied to ar,y future
project, perhaps with only minor modifications.

The up-front licensing process works best when
applied to a standard plant design on a repeat
plant. This allows the maximum benefits to be
gained du^ to the availability of design documents
and safety assessments from the reference plant.
Nevertheless, the sane process could be applied to
a new design or a non-standard design. In such
cases, the level of agreement possible and
consequently the risk reduction will not be the
same as for a repeat plant.
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ABSTRACT

Following a severe reactor accident, it is
estimated that it would take about four nours to
initiate an off-site response action. Decisions
to implement such actions are based on predictions
of the source term. During the first few hours,
such predictions must be based on calculations,
untii reliaole measurements can be obtained, and
an emergency response is developed on this basis.
The use of overly conservative assumptions, such
as tnose used for licencing assessments, results
in over predictions of the source term to such an
extent that they may lead to inappropriate
emergency responses, the risk of which may exceed
the radiation risk. This paper discusses recent
developments in the source term area and advocates
tne Jse of more realistic models and assumptions
for source term predictions as input to emergency
planning in the Province of Ontario.

INTRODUCTION

The Ontario government is reviewing their
emergency response planning and are preparing a
revised version of the Province of Ontario Nuclear
Emergency Plan (1). An integral part of this plan
is the derivation of "Protective Action Levels*
(PALS). Four categories of these have been
identified: food and water canning, sheltering,
tnyroid blocking and evacuation. For each
category two levels have been defined; a lower
level voich requires consideration of forthcoming
action and an upper level wnere actions are
mandatory. The PALS are in terms of the projected
radiation dose to members of the public if no
actions are taken, and are illustrated
quantitatively in Figure 1.

PROTECTIVE ACTION LEVELS

Bwinini Food
A Wittf Catnumwoan

SMwrtnf

Thyroid Wortirtf

CoMuinon

Thyroid OOM iREMI

FIGURE L: PROTECTIVE ACTION LEVELS

In the event of an accident at an Ontario
nuclear generating station, it is w e
responsibility of Ontario tfydro experts to advise
the Province on the potential for a release of
radioactive material - what was released, wnat is
being released, and what will be released. rms
input to emergency response planning is called tne
"Source Term", and will oe Dased on measurements
and field surveys taken at tne station.

There is an important time factor, nowever,
whicn is the cause of some debate on emergency
response planning and policies. Following a
severe reactor accident, it is estimated tnat it
would taxe up to four hours to initiate an
evacuation (inclusive of alerting, decision making
and action). Furthermore, until reliable
measurements at the station oecome availaole
(which may Be in tne firsc few nours), it is
necessary to rely on source term predictions oased
on calculation. 'Inis leads to a dilemma for tne
planners, and is the root of much debate on policy.

If the calculated release from tne station is
large and prompt, puolic protection policies snignt
be developed whicn include tne predistrioution of
KI pills, early alerting sirens, etc.
Alternatively, if tne calculated release is small
or delayed, then no prompt actions are required.
If tne calculated release is large and prompt, out
is based on wrong or unrealistically conservative
information, then the risk from unwarrantea
actions in the emergency plan could well exceed
the potential radiation risk, for wnicn tne plan
is intended to protect against. Che puDlic nealth
effects of mass distribution and medically
unsupervised administration of KI pills (wnicn is
not insignificant (2)) must oe measured in context
with health effects due to radiation.

Calculations of releases used for licensing
purposes use extremely conservative assumptions
and consider stylized nypotnetical accident
scenarios. To base an emergency response on tnese
values is unwarranted and leads in many cases to
unnecessary actions. Any action wnicn mignt need
to be implemented during tne period prior to
actual measurements being available, snould oe
based on realistic estimates of releases using tne
most up-to-date analytical and experimental
information availaDle. This was what prompted
Ontario dydro to undertake tne work (-S) wnose
results will oe discussed a little later.

The last few years nave seen many source term
studies bsing conducted in tne United States and
in other countries around tne world witn major
nuclear programs. mere have been many claims
made about source term reduction factors and its
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natjral co wonder now znese claims affect tne
Canadian situation, defore discussing tne results
of tne studies on Pickering/ some of cnese studies
will oe nignlighted and tne important conclusions
relative co tne situation in Ontario will oe
discussed.

SOURCE rESM STUDIES

U.S. Source Term rfork

rnere is a long history of nuclear power plant
regulation in tne United States using accident
celease or source term information. In the 1950's
tne first major reactor accident release and
consequence study MASH 740 (4) was completed. In
tne 1960's tne results of tnis study led to siting
regulations and design basis accident
assumptions. There is no doubt tnat tne tfindscale
accident in 1957 (5) was influential in defining
assumptions, particularly in tne cnemical form of
iodine specified in tne US Regulatory Guide (6).

Note tnat tne regulators imposed accident
assumptions on the licensee rather tnan adopting
tne more enliqhtened Canadian approach where the
licensee makes tne assumptions and defends them to
tne regulator. Ihis is not meant to oe facetious,
out to point out. that when things are legislated,
people stop tninking about tnera and assume that
tney are true.

In the mid 1970 's Professor Aasjnussen performed
tne Reactor Safety Study more commonly referred to
as the WlSH-1400 (7) report. This was tne first
time that risk assessment was used in this context
and tne results of the study ended up forming the
oasis for Emergency Planning in the United States.

The WASH-1400 studies concentrated on
non-design basis accidents - cote meItdowns - and
calculated the releases and subsequent
consequences from tnis type of scenario. Many
will rememoer that the worst scenario considered/
a core meltdown which led to early containment
failure, resulted in 2300 prompt fatalities, 32Q0
latent cancer deaths, and 89,600 injuries, but few
remember tnat the corresponding frequency for this
event was one in a Dillion. Many people
recognized that ootn the frequency of the assumed
event and the assumptions used in tne calculation
were highly conservative and studies were
instituted to get a better Handle on the
consequences.

In 1979 the accident to Unit 2 at the Three
'tile Island station occurred. The results of that
accident - a financial disaster for tne owners but
a relatively harmless one from a public safety
viewpoint - are summarized in figure 2 taken from
Reference 5. There was a substantial release of
fission products from tne core into containment,
out very little release of iodine to tne
environment. Note that 30% of the core iodine was
released to containment out only 1 0 ~ H was
released to the environment.

RELEASE TO REACTOR auH.D»>
LiQUlO
• 2Q". IODINE
• ao"-, cesruit
• 1J» STRONTIUM BARIUM
GASEOUS
« 70% NOBLE GAS
« 0 6MODINE
• 1' , CESIUM

REACTOR BUILOING

CORE RELEASE TQ REACTOR
CONTAINMENT STRUCTURE RCSI
« 70 , NO8L6 GAS
• 30°, IODINE
• SO, CESIUM
• 2 > STRONTIUM 3ABILM

'O AUXIL'AHV
- 3UILDING

LIQUID
• 3*, IODINE
• 3". CESIU'-l
GASEOUS
• 5 \OBLE CAS
• 104 IODINE

TO ENVIRONMENT

FIGURE 2: RELEASE FRACTIONS AT TMI

Despite this, the USNRC nad a different
perspective: the extent of core damage at £MI was
far more severe tnan tnat assumed for Design Basis
Accidents. Thus, following M I , tne JS;«C
declared tnat it would enter into rulemaKing cor.
degraded core accidents co determine i£
modifications to reactor designs were warranted
and what new rules if any should oe implemented.

This started a series of major, activities
around the world, consisting of large scale
experimental programs on degraded fuel Denaviour
and fission product aerosol benaviour. The Source
Terms Experiments Program (SIiSP) and tne Severe
Fuel Damage Experiments are two in-reactor
programs studying fuel oenaviour under severe
accident conditions, and tne DSHONA, LACS and
KARVTKEN experiments are studying fission product
aerosol Denaviour.

In the STEP program, previously irradiated fuel
from a power reactor was loaded into tne WEAT
reactor at tne Idaho Engineering Laooratory. rne
cooling flow in the test apparatus was cut off
leading to heatup, failure of the fuel and release
and deposition of fission products tnrougnout tne
cooling circuit. Tne early results from tnese
tests indicate:

(a) rhe release is mainly Cesium witn Tin,
Subidum and Uolyodenum as otner major
components. Tnese aerosols are typically
sub-micron to (lucre, size.

(D) Iodine is always found witn Cesium in tne
form of elongated crystalline deposits wnicn
are approximately 5 micron in diamecer ana
several hundred microns long.

(c) Tellurium is only seen in minute quantities,
deposited on metal surfaces close to tne fuel.

The experiments at HAAVLASci used simulated
fission product and core materials injected into
the reactor cooling system by means or plasma arc
generators. Rapid condensation of vapours created
aerosols wnicn grew to large sizes and deposited
out of tne gas flow onto internal surfaces.
Typical deposits in tne piping are snown in
Figure 3. rne DEMONA test results also snow rapid
aerosol deposition in containment so tnat aerosols
will not be available for release to tne
environment.



FIGURE 3: DEPOSITS IN PIPING AT MARVIKEN

The results of Che major analytical studies are
summarized in Figure 4. The accident sequences
studied were the risk dominant ones identified in
the WASH-1400 study. Mote that in all cases tne
release to tne environment is substantially lower
than that estimated in the WASH-1400 study.

COMPARISON OF CALCULATED K»IN£ RELEASES
TO ENVIRONMENT FOR PWR

ACCIDENTS INVOLVING RELEASES INTO CONTAINMENT

The American Nuclear Society jujwiarizes cneir
inajoc finding as follows Idt:

*The Committee concluded tnat lae state or
current knowledge and analytical "etnous anj
assumptions are sufficiently aavancea to
warrant the reduction of cali-ulatea source
teems from estimates in WASH-14UU ay :nor«
tnan an order of magnitude to several orders
of magnitude.

Iodine will be released and transported
predominantly as cesium iodine and cesium as
cesium hydroxide. These species will form
aerosols and oe suoject to aerosol depletion
process, are highly soluoie in water, wmen
will be present, and can be adsoroed onto
metal surfaces, resulting in greatly reduced
releases compared to WASH-140J'.

One should not get tne impression tnat all
issues are currently resolved in the JS. i'nere
are 18 areas wnere tne U3NRC and UCOa (tne group
formed by the US nuclear utilities to respond to
the USNRi; rule making) are currently carrying on
extensive dialogue. The area wnere tnere is a
unanimous agreement however is tnat nigniignted in
the ANS summary regarding iodine oenaviour. Tnere
is now a large body of experimental data wmen
shows that tne earlier assumption that iodine
would be released in tne nignly volatile elemental
form was wrong. On this point the AfS report
agrees witn tne ANS report and tnis one finding is
the major key to the reduction of source ter;ns
from Ontario Hydro's CANUU reactors.

Ontario Hydro Source Term

FIGURE 4: RESULTS OF MAJ03 STUDIES

Two major reviews of these studies and relevant
experimental data were also undertaken. The
American Nuclear Society formed a Special
Committee on Source Terms (B) consisting of
experts Erom the United States, France, Japan,
Jnited Kingdom, Federal Republic of Germany,
Euratom and the Commission of European
Communities. The USNRC established an independant
review by tne American Physical Society (9)
jomtaining experts from various fields of physics
and chemistry in the United States.

The key characteristic of tne radiological
source term as it applies to nuclear emergency
planning in Ontario is the timing of release
following a major accident: cne significant
release of fission products is delayed oy several
hours to several days due to negative pressure
holdup provided by the vacuum building.
Furthermore, the release of tne oiologicaliy
significant fission product radioiodine is neld up
by natural chemical and physical pnenomena wmen
maintains tne predominant portion of radioiodine
as a salt dissolved in water. To explain tne
Ontario Hydro derived source term in more detail,
it is necessary to understand:

(1) the operation of tne
Containment System, and

Negative Pressure

(2) the key results of Canadian researcn programs
on radioiodine behaviour.

Negative Pressure Containment 3/stem

Multi-unit CANUU stations are used in Ontario
at Pickering NGS and Sruce NGS, and one is still
under construction at Darlington NGS. Tne common
feature as shown in Figure 5 is tne Vacuum
3uilding; this connects Dy self-actuating pressure
relief valves to a common, large volume
containment snared by all reactor jnits.
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Optratlon - Ntgativ* Pressure Containment

FIGURi 5: OPERATION - NEGATIVE PRESSURE
CONTAINMENT

Fallowing a LOCA, tne Vacuum Building
tet--.inet.rs the snort overpressure transient and
thereafter maintains containment at a
suoatmospneric pressure, as illustrated in Figure
6. In tne long term, when the negative pressure
reserve is depleted by air leakage from
instruments inside containment, and oy outside air
inieaKage, tne Filtered Air Discharge System is
used to control containment pressure. Thus, there
are tnree characteristic periods following a
LOCA: snort term overpressure period; negative
pressure Holdup period lasting several hours or
days during .vni.cn tnere are no releases; and, the
long term controlled venting period during which
hign efficiency deep oed cnarcoal filters are used
to remove radioiodine.

FIGURE 6: CONTAINMENT PRESSURE FOLLOWING
LOCA AT BRUCE NGS a

These containment response characteristics are
fundamental to the timing of releases, a key
element in the radiological source term
cnaracterized ay no significant early release.
The otner important aspect is the iodine behaviour
witnin containment.

Iodine Chemistr/

Canadian Source rer:n reseat*:.., as in ocner
countries, nas programs aimed at developing an
understanding of tne properties of radioiodine
under reactor accident conditions. The important
areas of study are tne fuel, tne reactor neat
transport system and containment:.

During a LOCA, fuel overheats and fission
products are released into tne neat transport
system. Under highly oxidizing conditions,
elemental iodine gas can be released, as « s cne
case in tne air cooled Windscale reactor accident
in 1957 (5). Lack of recognition of the relevant
cnemical conditions at Windscale led to tne
erroneous assumption that in water cooled reactor
accidents iodine would also De released as gaseous
12- In fact, for water cooled reactors tne
chemical conditions in the core are reducing sucn
that iodine leaving the heat transport system
would be released in its reduced state, Csl 11U).
If liquid water is availaDle, the Csl will oe
dissolved. Otherwise, Csl will condense witn
other fission products to form an aerosol, muca or
which will deposit in the piping networK of t.ie
heat transport system.

The iodine released into containment is
therefore either dissolved in the coolant wnicn
discharges from tne breau, or an aerosol if liquia
water is not available. Neither form of iodine
can be released from containment so long as tnere
is no major impairment (hole), since an aerosol
will not leak through the concrete structure.
Even if a hole does exist in containment, tne
release of aerosols from containment is
significantly smaller than the release of gases
due to aerosol removal mecnanisms such as
impingement, rainout and deposition.

This is not to say tnat cnere is no significant
release of iodine during a severe LOCA; out tnat
there is no early release of iodine.

In the longer term, radioiodine is suDject to
many complex chemical reactions wnicn slowly
convert non-volatile iodide dissolved in water to
elemental and organic forms wnicn will
subsequently elude from tne water. Iodine
continues to elude from tne water uncil cuemicai
equilibrium is estaolisned; at tnis point, tne
airoorne iodine concentration is controlled oy cne
chemistry of the water.

Figure 7 snows tne principal cnemical reactions
within the containment water wnicn determine
equiliorium partitioning of iodine (11).
Initially, iodine is dissolved in the water as
iodide (I") whicn is non-volatile. In order to
form a volatile iodine compound (such as 12 or
organic iodide) it is first necessary to oxidize
the iodide to 13. Sapidly, 1̂  will hydralize
to HOI + I", or react witn an organic impurity
to form organic iodide, oc elude to tne gas
phase. Further oxidation of I2 will render the
non-volatile iodate, IO3. The aui formed oy
hydrolysis may also react witn organic impurities
to form volatile organic iodides, or
disproportionate to form I" + IO3.



FIGUSE 7: EQUILIBRIUM OF IODINE SPECIES

rue results of this research program at the
tfnitesnell Nuclear Researcn SstaDllshment (vINRE)
provide the clue to control of iodine volatility;
maintain reducing conditions in tne water, to
minimize oxidation of iodide. In tne presence of
nigh radiation fields, the radiolysis effects may
nave an influence on the oxidation and reduction
reactions. The net result of radiolysis is iodide
formation, although Ij is formed as an
intermediary species. Preliminary research into
radiolysis effects indicate that 1^ formation is
suppressed at high pH. Thus, to minimize release,
one snould maintain reducing conditions and high
pri in the containment water pool.

Do summarize the Canadian source term program,
research in iodine behaviour nas led to the
following conclusions:

(a) In fuel, the dominant form of iodine is Csl.

(o) In the Beat Transport System, tne dominant
iodine form is Csl unless liquid water is
availaole, in wfti.cn case dissolved iodide
(I-) dominates. At high temperatures, HI
becomes the staole species.

(c) In containment, iodide (I-) in solution is
the dominant species. Oxidation reactions
lead to iodate (103) and volatile iodine
formation until equiliorium is established.
Radiation effects may lead to volatile iodine
formation, but recent results indicate that
tnis is not significant at high pH.

The essential conclusion is that in tne short
term cadioiodine is released not as a gas, but as
a non-volatile aerosol. Thus, there is no
significant early release from containment. In
tne longer term, slow chemical reactions, possibly
influenced oy radiation effects, lead to volatile
organic iodine formation wnich is filtered by the
FADS system during controlled venting.

In safety analyses provided £or licensing, the
oojective is to demonstrate that certain safety
criteria are met, rather than to provide a
realistic evaluation of accident consequences.
Thus, it nas oeen assumed in these licensing
analyses tnat tne iodine is released as a gas
vnicn ensures a conservative overestimate of
dose. A more realistic evaluation, nowever,
results in a inucn lower predictic". of dose as

snown in Figure 6, depending on *nen concroiieG
venting commences. If venting is ieia/ea,
snemical equiiionum is estaolisned jespita
initial conditions, and as snown in Figure d, tne
dose is independent of initial conditions.
However, if venting commences early, tne t.nyrou
dose is two orders of magnitude lower znan would
be the case assuming early release as gaseous ii-
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FIGURE 8: EFFECT OF REPRESSUiUZAIUN £LA£
THYROID DOSE TO INDIVIDUAL ,MJ
SE.MAINS AT I'HE SITE BOUNDARY.
FOLLOWING A LOCA

IMPLICATIONS TO EMERGENCY. PLANNING

As an input to Emergency Response Planning,
Ontario Hydro nas just completed a reassessment of
tne radiological source terms and consequences of
accidents at Pickering NGS (3). Applying tne
results of researcn programs, and using more
realistic assumptions, it is shown tnat tnere is
ample time to implement appropriate emergency
responses following the accident, due to tne alow
rate of dose accumulation. Figure 4 snows tne
thyroid dose calculated for an individual in tae
critical age group (young child) wno remains ,it
the site boundary for one montn. All accident
scenarios with a likelihood of occurrence of once
in 100,000 years for the station (or 1,000,UUJ
years per reactor) were considered. 1'ne cases
presented here are the most restrictive. For
tnese cases:

(a) no lower PAL is exceeded in tne first 4 .icurs;

(•) no upper PAL is exceeded in tne first id
hours;

(c) tne evacuation upper PAL is never exceeded.
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3adioiodine is important because of its uptake
and concentration in tne thyroid gland. A means
of clocking the uptake of radioiodine is to
saturate tne thyroid gland with non-radioactive
iodine, preventing further uptake of iny
radioactive iodine. Some jurisdictions require
pre-distriDution of KI pills, to nearby residents
to be taken wnen notified by their alerting
system. The results shown here clearly
demonstrate that sucn pre-predistribution is not
warranted in Ontario- Ontario Hydro does
stockpile these 61 pills to be distributed to the
puolic under medical supervision should the need
arise. Figure 10 shows tne "effective wnole body
dose equivalent* for ttie same cases, compared to
tne effective dose PALS. Again it can De seen
that there is sufficient time available to
institute appropriate emergency measures.

CONCLUSIONS

The Source Terms for Emergency Planning in
Ontario nave oeen reassessed using more realistic
out still conservative methods and assumptions
•ased on recent results of research programs. The
general conclusion for all identified accidents
down to a frequency of 1 in 100,000 years per
station are:

la) So accidents unere tne effective dose to any
individual exceeds 100 mRem (or 300 mRem to
tne tnyroid) rfitnin 4 nours of tne accident
occurring;

(t>) No accidents where any emergency planning
Upper Level PAL is exceeded witnin Id nours;

(cj No accidents wnere tne Upper nevel Evacuation
PAL is exceeded at any time;

(d) L4O acute radiation effects;

(e) No significant off-site contamination.

On this basis Ontario Hydro concludes that
there is ample time to institute emergency
procedures following the accident and t.iat
pre-diseribution of KI j>ills and early alerting
systems are not necessary- If tnyroid blocking is
deemed necessary on tne basis of the actual
radiation risic there is ample time to distrioute
them in a medically supervised fashion after tne
accident.

Results from tne major source term RSD programs
referred to earlier are still oeing analyzed.
When the programs are complete and tneir
implications fully interpreted, furtner source
term reductions are expected.

The level of emergency preparedness required
for nuclear plant3 should reflect the actual cisit
from tnese stations, and Cne risx from tne plan
itself should not exceed tne risk from tne
station. Therefore, wrien developing nuclear
emergency response plans and policies, it is
important to assess plant risk using realistic
source term predictions.
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ABSTRACT

High power density magnetic confinement fusion
concepts have recently become prominent because they
are perceived by some groups to have more potential
for developing into commercially competitive fusion
reactors than the (more advanced) low power density
concepts. The reasons for th i s prominence are
i l l u s t r a t e d by comparing the proper t ies of a
conceptual design of a fusion reactor based on the
leading low power density concept, the tokamak, with
designs based on the leading high power density
concepts: the RFP, the FRC and the spheromak.

INTRODUCTION

Since the l a r g e fusion experiments a r e so expensive
(TFTR - Tokamak Fusion Test Reactor , the l a r g e tokamak
at Pr ince ton , has cost $US 578 m i l l i o n to c o n s t r u c t ) ,
i t is important to have guides to help decide on the
nature of the next-step experiments. One of the most
important of these Is the conceptual design of the
fusion reactor. Not only does i t provide this guidance
but i t also indicates the nature and timing of the
ini t ia t ion of engineering development, i t gives a
focus for discussion with the end user conmunity (such
as the e l e c t r i c u t i l i t i e s ) , i t is a point of
comparison with competitive technologies and it gives
reassurance (or otherwise) to the funding agencies
that the programs are leading to a practical product.

The fusion concept with which the fusion community
has had the most experience and which has advanced the
most towards a reactor is the tokamak. There are
experiments costing many hundreds of millions of
.dollars In the US (TFTR), Europe (JET - Joint European
Torus - at Culham), Japao (JT-60 at JAERI), and the
USSR (T-15 at the Kurtchatov Inst i tu te) . TFTR, JET
and JT-60 are now operating and T-15 is expected to
jperate in 1986. As a percentage of the to ta l
magnetic confinement budget the US spends 602 on the
tokamak, Europe spends 90% and Japan apends 107.. In
Europe active planning 19 going on for BET (Next
European Torus), a mult i-bi l l ion dollar tokamak and
the Japanese are planning for r.helr next tokamak.

In the US there Is , and has been for the last few
/ears, considerable debate over how to proceed after
TFTR. In the early 1980s the FED (Fusion Engineering
Device) experiment was proposed. FED is a tokamak
whose original capital coat in 1981 dollars was S US
2.2 Bil l ion. If operating and RSD costs are
included the total cost in 1985 dollars is closer to $
"S 3.3 b i l l ion , although even this estimate should
probably be regarded as a lower bound, given that TFTR
was o r i g i n a l l y budgeted for S US 274 mi l l ion .
Subsequently, a less ambitious device was proposed
called TPCX (Tokamak Fusion Core Experiment). Its main
purpose was to examine the physics of an Ignited

plasma and so i t was less engineering oriented and
less expensive than FED (between $US 1.1 Billion and
SUS 1.5 Bi l l ion, depending on the exact features
chosen). Nevertheless, the TFCX design effort,
which had been considerable, was cancelled as part of
the US budget cutbacks for 1985. The new US DOE
Magnetic Fusion Program Plan (i) is based on the
premise that there wi l l be no b i l l ion dol lar class
fusion test facility built during the next ten years.
(2)

There are several schools Qf thought in the US on
how best to proceed (3-6):

1. Build a physics-oriented ignited-plasma tokamak
experiment. This option is based on the premise that
i t is important to build an experimant soon to study
the physics of an ignited plasma and, since it is the
most advanced concept, that the tokamak should be the
chosen concept. Under the constraints of the US
program i t is thought that this can be accomplished in
two ways: either an international cooperative venture,
such as Is being investigated by the US, Canada, Japan
and Europe under IEA auspices, (7), or use Innovative
design and best use of existing f a c i l i t i e s to keep
the cost below SUS 500 million. (4)

2. Keep the program broadly based and do not try to
bring fusion to the engineering stage before the best
fusion concept is determined. Reference (3) concludes
that deuterium-tritium as a fusion fuel should be
abandoned altogether and that the research community
should concentrate on neutron-free fusion. This
prospect, however, seems very far away. (5)

3. Pursue those concepts that show the most
promise of developing Into economic reactors. In the
US al ternate concepts community there are many
advocates of the compact fusion reactor, (8), as the
candidate with the best prospects for developing into
a commercial fusion reactor. Figure 1 shows the major
differences between the low power density devices, as
represented by STAKFIIK, and the high power density
devices as represented by the CtFPR (Compact Reversed
Field Pinch Reactor). Although an ignited plasma
tokamak can be designed with almost complete certainty
and such a device will demonstrate the properties of
an ignited plasma, the compact reactor advocats' point
of view Is that It wi l l not teach anything about the
scaling of fusion reactors because the low power
density tokamak Is not reactor relevant (the reasons
far this are discussed below). It is much better to
advance those concepts to the ignited plasma stage
that show the most promise of developing into a
reactor.

This last point of view was recently brought to the
forefront by the DOE's (US Department of Energy) MFAC
(Magnetic Fusion Advisory Committee) Panel X report,
(9), which stated that compact fusion reactors and
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FIGURE 1: COMPARISON BETWEEN A LOW POWER DENSITY
FUSION REACTOR (STARTT3E), A HIGH POWER DENSITY FUSION
R£ACTOR (CRFPR), AND A PUR. Iw IS THE NEUTRON FLUX AT
THE FIRST WALL (THE FIRST SOLID MATERIAL THAT THE
NEUTRONS HIT). ALSO SHOWN ARE THE RATIO OF THERMAL
POWER TO CORE VOLUME, THE RATIO OF CORE MASS TO
THERMAL POWER, THE AMOUNT OF THERMAL POWER AND THE
AMOUNT OF ELECTRICAL POWER. THE ABOVE FIGURES
REPRESENT CROSS SECTIONS OF TORI (EXCEPT THE PWR).
REFER TO FIGURE 3 FOR A THREE DIMENSIONAL
REPRESENTATION OF THE CRFPR), (18).

smal l un i t s i ze fusion r e a c t o r s may have a b e t t e r
chance of commercia l iza t ion than concepts such as
STAWIRE, a conceptual design of a low power density
tokamak r e a c t o r based on the TFTR c l a s s of tokamak.
The Panel concluded that the most advanced concept in
the compact category and the concept t h a t was most
na tu ra l ly consistant with a compact reactor design is
the RFP (Reversed Field Pinch). Other, less developed
compact concep t s , i nc lude the spheroaak, the FEC
(Field Reversed Configuration) and the Z-Pinch. The
high beta ( ra t io of plasma pressure to magnetic f ie ld
pressure) tokamak, predicted t heo re t i ca l l y , was a lso
judged to be a possible compact candidate.

The reasons for the p a n e l ' s f ind ings are a l l
r e l a t e d to the power d e n s i t y , which for STARFIRE and
ihe o ther low power dens i t y fusion r e a c t o r des igns
would be 15 to 25 times l e s s than for the CANDU. (10)
The lower power dens i ty r e s u l t s in a l a rge r e a c t o r
core (50% - 75% of the t o t a l p l a n t cost compared to
25? for fission plants and 35% for some compact fusion
r e a c t o r s ) and a t the same t ime i t w i l l be an
I n h e r e n t l y more complex system ( a u x i l i a r y hea t ing
techniques, superconducting magnets etc .) . The lower
power density and the new technology are perceived to
lead to l a r g e , expensive exper iments , to slower
development and to l a r g e , expensive and f r a g i l e
commercial r e a c t o r s . (5) The MFAC Panel X, (9) ,
concluded tha t i t may be d i f f i c u l t to commercialize
the large fusion reactors because the demonstration of
r e l i a b i l i t y would r equ i r e m u l t i p l e u n i t s and t h i s
appears unl ike ly .

In addition to the cancel la t ion of TFCX mentioned
above there is other evidence that the decision makers
want the US program to examine s e r i o u s l y concepts
other than the low power dens i ty concepts . The
magnetic confinement budget has slipped from S US 470

m i l l i o n in 1984 to 5 'J5 - i ~ ni 1 1 ion t h i s year and a
requested budget of S Us 39u mil l ion In 1986. Vhether
the cause of these cutbacks is dissat isfact ion with
the low power density concepts, the energy s lu t ,
competition with the space program or the Star Wars
program or some other reason is not clear but what is
clear is the trend in the cutbacks: TFTR and MFTF-B
(the large mirror experiment at LLNL - Lawrence
Livermore National Laboratory) are to take the bulk of
the cuts next year; there wi l l be more emphasis on
physics in the program and less on technology (the low
power density concepts are the most advanced and the
closest to requiring technology development); and more
money is to be spent on a l te rnate concepts and
Innovative ideas.

Of the compacts, the RFP Is the most advanced. RF?
devices at one stage of development behind the tokamait

10 15 exist in the US (two), Europe (one ) and Japan (one).
There are proposals to build larger devices - two in
the US aDd one in Europe. The most ambitious of the
three is in the US where private Interes ts (GA
Technologies and Phillips Petrolium) plan to build an
ignition experiment based on their OHTE (Ohmically
Heated Toroidal Experiment) device. OHTE is an RFP
with the addition of an extra set of helically wound
coils around the torus. The RFP experiment in Europe
is under construction and there is money in the US
DOE's budget for this year for an RFP experiment but
the program is yet to be finalized.

The next most advanced compact concepts, at a stage
of development behind the RFP, are the FRC and the
spheromak, with the FRC showing better experimental
r e su l t s . There Is money in the US budget this year
for a new FRC experiment to advance i t to the stage
that the RFP is at now, but there is no plan to do the
same for the spheromak.

This paper begins with a comparison between the
stage of development of the fusion devices mentioned
above and the equivalent CANDU stage. This is
followed by an examination of some reactor designs:
STARFIRE, (11), a low power density tokamak; CRFPR
(12,13), and the OHTE reac to r , (14), both RFP
reactors; a spheromak reactor, (15); and TRACT, (16),
an FRC reactor. Those properties that i l lus t ra te some
of the above points are highlighted.

FUSION DEVELOPMENT IN TERMS OF CANDU DEVELOPMENT

Table 1 is a comparison of the present s ta te of
development of various magnetic confinemnt fusion
concepts with CANDU development. Also shown are some
of the conceptual designs mentioned in the text (in
brakets). As can be seen from the Table 1 notes, the
correspondences are not always obvious and so these
comparisons are only approximate.

FUSION REACTOR CONCEPTS

The fusion reactor designs reviewed in t h i s paper
were chosen because they r e p r e s e n t the. l e a d i n g ( in
terms of the phys i c s da t a base) compact c o n c e p t s .
STARFIRE was chosen as r e p r e s e n t a t i v e of the low
power d e n s i t y tokamak r e a c t o r s and as a po in t of
comparison.

It is important to note that different amounts of
confidence should be placed in how much each reactor
design is the natural end product of the principle
upon which it is based. This confidence Is influenced
by the size of the physics data base nf the concept
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TABLE 1: COMPARISON OF CANDU AKD FDSION DEVELOPMENT4.

DEGREE OF CONFIDENCE IN THE REACTOR DESIGNS. THIS
TAKES INTO ACCOUNT BOTH THE SIZE OF THE DATA BASE WHEN
THE STUDY WAS DONE AND THE AMOUNT OF EFFORT SPENT ON
THE STUDY (SEE THE TEXT FOR MORE DETAILS) . NOTE THAT
THESE EVALUATIONS ARE RELATIVE TO EACH OTHER AND XO
ATTEMPT HAS SEEN MADE TO PLACE THEM ON AN ABSOLUTE
SCALE.

LOW POWER
DENSITY
TOKAMAKg REACTOR DESIGN DEGREE OF CONFIDENCE

NRX

KRU

NPD

DOUGLAS
POINT

PICK'G A

I

I I

I I I

DEMO

Isc Cona-
cre! ale

1 0 t h Coimr-
erclal

Many

TFTR, JET,
JT-«O, T- t5

(TFCX, FED,
INTOR6, NET)'

(FED?, INTOR?,
NET?) f

(STARFIRE)

OHTE, ZT-iOMS
Others

(Planned)

<CRrra,
OHTE Reactor)

(Plsnoed)

(TRACT!)h

(TXACT?)

STAWIRE

CRFPR

OHTE

Stesdy State
Spheroaak

TRACT

Low Power Density
Tokaasfc

RFP

RFP

Spheronak

FRC

Highest

Highest

Medium

Loir-Medium

Lowest

designs.
b INTOR 1* so IAEA sponsored conceptual design*
c ZT-40M Is a Los Alaaos RFP esperlaent.
d Spheroaaks sod Z-pinches are pre-NKX,
e Pickering A snd 1st CoaMrclal may not correspond

exactly because Pickering A I s four u n i t s snd
the fusion designs are one unit.

f FED, NET or INTOR say be a combination of I I I and
DEMO.

g It la not c l e a r where high beta tokaaaka l i e , but
they are probably NRX or pre-NRX.

h TRACT Is probably c loser to the DEMO stage*

(at the time the study was done) and the amount of
effort that has gone into i t . Even though the data It
is based upon i s f ive years o ld, STARFIRE i s probably
the most r e a l i s t i c study, because the tokamak data
base eras then very large and because the most e f f o r t
has gone into i t . Whether the RFP data base of today
Is equivalent to the tokamak data base of f ive years
ago i s d i f f i c u t to determine, but the RFP community
lay soon be i n i t i a t i n g the RFP equ iva l en t of TFTR
Cwhich was under construction in 1980). Considerable
recent effort has been put into the CRFPR design so i t
i s probably second or equal to STARFIRE. The OHTE
design i s s e v e r a l years o ld and not based on the
latest OHTE data nor has as much effort been put into
tt as the CRFPR design (this judgement i s based on the
amount of d e t a i l in the r e s p e c t i v e papers) so i t
should be placed th ird . The steady s t a t e spheromak
design i s the newest study, i s based on the l a t e s t
data and appears to have more work behind i t , but i t
cannot be regarded as equal to the OHTE study because
Che p r i n c i p l e upon which i t i s based i s not as
advanced as the RFP/OHTE concept. Although the FRC i s
now regarded as a more promising concept than the
spheromak, the TRACT study i s four years older and so
should be regarded with the lowest confidence. These
evaluations are summarized in TABLE 2.

The purpose of t h i s paper i s not to examine the
differences in physics among the concepts, except in a
general way, but rather to show the differences among
the reactor designs, result ing from the differences in
physics.

STARFIRE

A cross sec t ion of STARFIRE i s shown in Figure 2.
STARFIRE i s a tokamak and as such the plasma i s in the
shape of a torus . Although the CRFPR has major
di f ferences , as discussed in the next sec t ion , ic
shares the toroidal shape, shoun c learly in Figure 3,
with the tokamak.

A deuterium tri t ium (DT) magnetic confinement
fusion reactor operates as f o l l o w s : a DT plasma i s
confined by magnetic f i e l d s and at the same time
heated by induced currents in the plasma and/or by
other means. If the plasma i s dense enough, i s heated
to a high enough temperature and i s confined for a
long enough time then there i s net energy production.
The energy produced by the fusion react ions in the
plasma i s mostly in the form of neutrons (80X), the
rest going to heat the plasma. When th i s addi t ional
20% i s enough to keep the reaction going, without any
additional outside heating, the plasma is said to be
ign i ted . The neutrons l eave the plasma and are
absorbed by a "blanket" surrounding the torus. The
blanket contains lithium, either as a liquid or sol id
(compound or e l e m e n t a l ) , which r e a c t s with the
neutrons to breed more tritium fuel .

In Figure 2 the magnetic f ie ld c o i l s are labelled
CF (Correction F i e l d ) , TF (Toroidal F i e l d ) , EF
(Equilibrium Field) and OH (Ohmlc Heating). A l l of the
c o i l s except the CF c o i l s must be superconducting
because STARFIRE i s so big that normal conducting
co i l s would consume too much power to make the reactor
economical. The OH co i l s are used during start up to
i n i t i a t e a toroidal current in the plasma, the EF
c o i l s are used to maintain the plasma while it i s
burning, and the TF and CF co i l s are used to s tabi l i ze
the plasma.

The llmiter i s a device to provide control over the
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FIGURE 2: STARFIRE, (11) .

amount of I m p u r i t i e s in t h e plasma. The b l a n k e t
m a t e r i a l in STARFIRE i s a s o l i d , LiALO2, which i s
cooled by pressurized water. The shield provides
protection from gamma rays and neucrons and provides
the primary containment. The first wall is the first
solid material outside the plasma and as such is the
most prone to neutron damage. The method by which
STARFIRE deals with this is to keep the neutron flux
low. The compacts deal with the neutron damage
problem by periodic replacement of the first wall and
some of the other components, a completly different
design philosophy.

STARFIRE cannot reach Ignition by heating with
magnetic field induced currents alone, it oust provide
RF heating (through the RF ducts in Figure 2). Because
the compacts can reach Ignition without any auxilliary
heating method and the compacts use normal conducting
coils, instead of the superconducting coils, the end
user community believes the compacts will be simpler
and therefore more reliable than the large tokamaks.
(5)

The Balance of Plant (BOP) wi l l be conventional
nuclear except for some differences in safety systems.

Table 3 shows a comparison of STARFIRE with the
other fusion reactors reviewed here and with a PWR.
Note in part icular the plasma power density where
STARFIRE's is much less than the compacts' and the
PWR's. Therefore,in order for STARFIRE to obtain the
same net power i t must have a much bigger plasma
volume. This means that everything outside the plasma
must be much bigger and this is reflected in the mass
ut i l iza t ion and reactor costs as a fraction of the
total direct costs (TDC). One result of this is that
the total cost of the plant Is quite sensitive to the
fusion power core physics and engineering. This in
essence is the basis for the objection to the low
power density tokamak as a power reactor: i t wi l l be
too big and complicated and therefore too expensive
and too fragile.

STARFIRE is based on lOth-of-a-kind economics
(Table 1), certainly an unreal is t ic assumption when
the fission Industry has yet to standardize. The
compact studies have made one-of-a-kind assumptions In
their economic calculations.

TABLE 3: COMPARISON OF FUSION REACTORS

STARFIRE
(11)

CRFPR
(12,13)

OUTS
(14)

Steady
State

Spheroaak
(IS)

TRACT
(16)

PWR
(12)

Design Date
Plasaa Volume (m3)
Average Density (102a/m3)
Temperature (kev)
Average Beta
Plaaua Power ueoaity Cnw/m ;
Neutroo Hall Loadlng(MU/m2)
Nat Power (HWe)
Mass Utilization* (tonne/MWt)
Reclrculating Power Fraction"
Kagneta
Auxilliary Heacing
Operation

Net Plant Efficiency
Unit Direct Coat (5/lcWe)
Construction Time (years)
Fusion Cored Costs/TDCe

Reactor Cosrs'/TDC
COE« (aills/kWch)

1980
781
.81
22
.067
4.3

3.6
1200
5.7
.167

Superconducting

Steady State

.30
1438
6
.25
.58
67

1985
37.8
6.3
10

.12
72.4
19.5
1000
.33
.185

Normal
Nona

Steady State

.30
1007
5

.045
.35

48.4

1983
54
7.0
18-23
.43
5J
14.0
675
1.

.40
Nornal
None

1985

2.3
20
.1
2b
19.8
1000
.24
.16

1981
1.52
28
8-40
.77
560
10
130

.19

None
Long Pulae Steady State

(242a)

Woraal Superconducting

.21
1512

.15

.38
42.7

.29
978

.03-.04

44.7

None
Pulaed
(.5a)
.25

1980

1000
.33

900
8-10

.2-.27c

40

TABLE NOTES: a The mass utilization Is the Fualon Power Core Msss/MWt produced,
b The reclrculacing power la needed to power the aagneta.
c Radio Frequency*
d The Fualoo Power Core conelata of the first wall, blanket, shield mod colla.
e TDC la the Total Direct Coata
f The Reactor coata are the Fualon Power Core coats plua power supplies, votor geoeraeor

sets and recirculaelag power conversion units.
g Coat Of Electricity,
h LWR (17)
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CRFPR

OHC (20)
LIMITER (24)

BLANKET

-TFC <2«>-"VACUUM 1/ 'EFCI I2 )
PLENUM /

SHIELD/SUPPORT

FIGURE 3: THE CRFPR, (18).

CRFPR

The CRFPR design exists in two forms. One has a
neutron wall loading,of 19.5 MW/m2 and the other with
a value of 5.0 MW/m''. (13) Both are optimized with
respect to the cost of electricity.

Figure 3 shows a diagram of the CRFPR. Although
the magnetic field coils (labelled TFC, OHC and KFC)
serve similar purposes to the STARFIRE coi l s , there
are major differences to the magnetic fields Inside
the plasma that allows the plasma to have a much
higher beta (and therefore power density) and s t i l l
remain stable. The higher power density (see Table 3)
allows the reactor to be physically much smaller for
the same net power. Therefore, the magnetic field
coils can be much closer to the plasma and can be
normal conducting.

The breeding material in the blanket is liquid
PbLi, and i t is circulated through the blanket in the
ducts shown in Figure 3. The H20 line are to cool the
first wall, the toroidal field coils, the limiter and
the shield.

The CRFPR, OHTE and the spheromak a l l share a
similar problem (and have the sane solution): lifetime
of the f i rs t wall . As shown in Table 3, the neutron
loading at the first wall is considerably higher than
for STARFIRE. The solution is to design the core In
such a way that the most vulnerable parts (for the
CRFPR i t is the f i rs t wall and blanket structure) to
neutron damage can be easily replaced. It is expected
that for the CRFPR "changeout" would occur about once
a year and take about a month. This has an added
advantage in that as new materials become available
for use they can be incorporated in the core
components at the next changeout. Furthermore there
are no mid-life surprises in the core components
because the core lifetime is one year. The estimate
of the total capacity factor is about 753! (compared to
iO% for the CANDU).

Like STARFIRE, the CRFPR can operate in a steady
state mode. This is done by a mechanism called f-
theta pumping where the TFC and PFC are electrically
cycled at kHz frequencies. (12) This action rebuilds
the confining magnetic f i e l d s , which lef t to
themselves, would decay in about a fifth of a second.

FIGURE 4 : THE OHTE REACTOR, (14) .X

OHTE

The OHTE r e a c t o r i s very s i m i l a r t o the CRFPR. The
differences are a l l related to an extra set of coils,
wound helically around the torus , inside the blanket
(Figure 4). The advantage of having these extra
colls is that they increase the s tab i l i ty of the
plasma, allow higher beta, better Impurity control and
steady state operation is easier to achieve. The
penalties, however are considerable: i t forces
everything outside i t to be larger Including, the
colls and the blanket. For example, the mass of the
CRFPR's blanket material is 943 tonnes compared to
3200 tonnes for the OHTE reactor. Larger coils means
a larger recirculating power fraction, larger mass
utilization (see Table 3) and having to replace more
material during the periodic changeouts.

Although long pulse operation is Indicated in Table
3, OHTE can probably use the same f-theta pumping as
the CRFPR to achieve steady state operation.

The OHTE reactor study also examined the
possibil i ty of using OHTE to breed f i s s i le fuel and
concluded that a reactor similar in size to the
one described in Table 3 could support twenty one
1000 MWe High Temperature Gas Reactors in fuel.

Steady State Spheromak

The spheromak reactor, although its plasma has very
similar properties to the RFP and is in the shape of a
torus, Is physically quite different from the tokamak
and RFP in that there is no physical structure through
the hole in the torus.

This reactor design described in Table 3 was done
by the same group that carried out the CRFPR study and
again this design was optimized to produce the minimum
coat of e lec t r ic i ty . In addition to the [OOOMWe
design shown in Table 3, reference 15 presents 250,
500 and 75OMWe designs

As shown in Table 3, i t is a more a t t ract ive
reactor than the CRFPR since i t has a lower mass
ut i l izat ion and a lower ratio of fusion power core
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(Table 3), which from the u t i l i t y perspective, is
quite undesireable.

However promising TRACT looks, i t should be
recalled Chat this study was done in 1981 on a concept
which, even now, is unproven.

CONCLUSIONS

This review has examined a number of fusion reac to r
concepts and has indica ted how they are a f fec t ing the
magnetic confinement fusion program in the US. These
designs represent the most advanced of the compact
high power density options and one representative of
the low power density concepts. I t i s c e r t a in ly too
early to know if any of the high power density options
w i l l s t i l l look a t t r a c t i v e a f t e r f u r t h e r
experimentation reveals more of their properties*

I t wil l take about five years to complete the stage
II RFF experiment indicated in Table 1. If a stage III
low power density tokamak is not committed during the
next five years ( th is is l i k e l y unless i t i s an
international venture), and the RFP experiments are
successful then I t is possible that the next stage III
fusion device wil l be an RFF rather than a tokamak.

This work was sponsored by the Canadian Fusion Fuels
Technology Project.

FIGURE 5: TRACT, (16).

cost to TDC. Unfo r tuna t l y , i t does share the
disadvantage of a high neutron wall loading. To
a l e v i a t e th is problem the authors of reference 15
believe that, because of the small cose of the fusion
power core, i t would be possible to multiplex a number
of smal ler , lower-wal1-loading cores to drive a
lOOOMWe plant.

TRACT

TRACT i s an acronym for Tr iggered-Reconnec t lon
Adiaba t i ca l ly Compressed Toroid (see Figure 5). I t i s
an example of an FRC and, a long wi th the spheronak,
belongs to the c l a s s i f i c a t i o n Compact Torus (CT). I t
shares with the spheromak the property that there is
no physical structure through the centre of the plasma
torus, but is different in most other respects
including, the physical properties of the plasma
itself.

As shown in Figure 5 the 3hape of the plasma is
elongated, in contrast to the spherically shaped
spheromak plasma. The plasma is formed inside the
burn chambre (unlike the spheromak where the plasma is
formed outside the burn chambre) is heated to ignition
(mainly by compression) and then allowed to decay. It
is estimated chat Che plasma would burn for .5s of a
Is cycle.

Table 3 shows that some of the TRACT propertlas are
much better than the other reactors reviewed here. It
has a much higher density, beta and power denslcy, a l l
with half the neutron wall loading of the CRFPR (but
l /8th the net power). However, TRACT has the
disadvantage Chat i t is inherently a pulsed system
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TOKAMAK DE VARENNES
THE DESIGN OF ITS

INTERNAL POLOIDAL FIELD COILS

P.B. CUMYN
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740 Notre-Dame St. W.

Montreal, Quebec H3C 3X6

ABSTRACT

One of the major projects in Canada's fusion
programme is the Tokamak de Varennes, a medium-sized
tokamak now under construction at the Institut de
Recherche de 1'Hydro-Quebec (IREQ) at Varennes,
Quebec.

In order to control impurities within its plasma,
the Tokamak will be equipped with two sets of
rtivertor coils and neutralizing plates. The main
divertor coils are designed for a total current of
50 kiloampere turns and are located inside 73 mm
diameter jackets; this paper describes the design of
these coils.

TOKAMAK PARAMETERS

The major parameters of the Tokamak are summar-
ized in Table 1 below and Figure 5 at the end of
this paper is an illustration of the machine.

TABLE 1
MACHINE PARAMETERS

Major radius of plasma
Minor radius of plasma
Toroidal field
Poloidal flux available

(each way)
Toroidal field ripple at

plasma edge
Pulse length, toroidal field
Pulse length, ohmic heating
Pulse train length

Time between pulse trains
Plasma current

0.86 m
0.25 m
1.5 T
1 Wb

2.6%

30 sec
.5 to 1.0 sec
12 sec
(later up to 30 sec)
15 mln
250 kA

Later on, when additional funding becomes avail-
able, high-frequency current drive and possibly a
new vacuum vessel will be Installed, thus permitting
a puj.se train length of up to 30 seconds •

In order to control impurities during such long
experimental runs, two sets of divertor coils and
neutralizing plates will be installed in the ma-
chine. The purpose of the divertor colls is to
modify the poloidal fields so that the outer edge of
the plasma is swept onto the neutralizing plates
from whence it will be pumped by getters. Each set
of divertor coils consists of a main coil of six
turns and of two screening coils of three turns each

but since the main divertor coils incorporate most
of the details common to the others and also have
many details not found lr the others, this paper
will concentrate on the main coils.

PHYSICS REQUIREMENTS

The basic physics requirements for the divertor
coils are the following:

- they must carry a total current of 50 kiloampere
turns for periods of up to 30 seconds, with a
15-minute cooldown period between each experi-
mental run.

- the coils must be insulated for 300 volts turn-
to-turn and 1,800 volts to ground, these being
the operating voltages; design voltages are six
times these values.

- they must be installed inside the vacuum vessel
in vacuum-tight jackets whose outside diameter
must not exceed 73 mm (2-7/8 inches).

- the jackets, if metallic (as they are), must have
at least one electrical break to prevent the
circulation of an electric current around the
coils' perimeter and the electrical breaks must
also be vacuum-tight.

- the coil leads must be coaxial within the vacuum
vessel.

- the coil supports and the jackets in which the
leads are enclosed must not project beyond the
area enclosed by the neutralizing plates.

- rhe coil supports must be designed for a load of
8,800 newtons per metre of coil circumference or
2,150 newtons per support.

- the coil supports must support and cool the
neutralizing plates, and the neutralizing plate
support surfaces must be flat to ensure good heat
transfer.

- the jackets must withstand the radiation loads to
which they are exposed. The worst of these loads
is from the getters which are heated to 250°C
continuously and from 350 to 400°C for periods of
30 minutes once or twice a week during regenera-
tion. Note that the plasma will not thermally
load the coil jackets significantly except during
a disruption, the duration of which is short.
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BASIC DESIGN DATA

The basic design data is summarized in Table 2
below:

TABLE 2
BASIC DESIGN DATA

Major radius
O.D. of shell
Number of turns
Net area per turn
Current per turn
Current density
Heat load
Bore for coolant
Coolant velocity
Temperature rise in 30 seconds:

at coolant inlet
at coolant outlet

620 mm
73 mm
6
263 mm2

8,333 Amps
31.7 Amps/mm2

17.1 milliwatts/mm3

12.5 mm
2 m/sec

30°C
86°C

COIL CONDUCTORS

The colls consist of six turns of hollow sector-
shaped copper conductor located within a metal
vacuum-tight water-cooled double-walled jacket, each
jacket having two vacuum-tight electrical breaks.
Figure 1 shows a typical cross-section of the coil
and the surrounding area of the machine.

-H" l NEJTWJZING

Lr MO*—!

FIGURE 1
SECTION THROUGH COIL

The conductors, which are extruded from ClOl-type
(oxygen-free electronic) copper, will be Insulated
with either two layers of 0.09 mm thick self-
adhering Kapton tape or else with three layers of
.06 mm Kapton tape. The cape is installed with a
50? overlap, giving effectively two thicknesses of
tape per layer; the second layer of cape is wound in
the opposite direction to the first. The conductors
reach a temperature of 120aC and the tape is suit-
able for this temperature. A Teflon sleeve .13 mm
thick is heat-shrunk over the tape, thus allowing
one turn to slide with reference to Its neighbour,
a situation which arises due to the effects of
differential thermal expansion.

A number of other methods of insulating the coils
were studied. These include:

- epny encapsulation, which was rejected because
o' the high thermal stresses caused hy the
d fferential temperatures between the turns;

- electric varnish (Class F), which was rejected
because it was not evident that the varnish could
be applied in the thicknesses required by the
voltages;

- plasma-applied Teflon, which was rejected due to
its poor mechanical qualities.

Note that the requirement that the insulation
system be capable of withstanding 150°C (120° + 30'
margin for hot spots and unknowns) limited the
choice of possible insulation systems.

The current leads are arranged coaxially so as
to minimize perturbations to the magnetic fields;
Figure 2 shows a typical cross-section through the
leads while Figure 3 shows the details at the
intersection of the leads with the main conductors.
It will be noted that the leads act as the supply
and return lines for the cooling water to the
conductors.

FIGURE 2
SECTION THROUGH LEAD

The current leads are made from copper plate;
they are first drilled out, cut to shape, bent and
finish machined. In the case of the outer current
lead, the whole lead is hollowed out after bending
to receive the Inner lead and a copper cover plate
Is bolted over the slot once the inner lead is in
place in order to make the lead assembly properly
coaxial.

FIGURE 3
DETAIL AT LEADS
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The design at the intersection of the leads with
the main conductors must be robust enough to trans-
fer the hoop loads (1,120 newtons per conductor)
across the gap between the ends of the first and
last turns; basically, the load is transferred from
the conductors through the insulation to the outer
shell of the jacket.

The method of insulating the leads has not yet
been finalized, the area at the intersection of the
coil conductors and the leads being Che main prob-
lem. The present approach is to modify the geometry
of the intersection so as to make possible contin-
uous taping around the corner and then to cover the
area with heat-shrink sleeving as was done for the
main conductors. The inside surface of the outer
conductor will be left bare; its outside surface
will be taped after the inner conductor and closure
piece are in place. Both self-adhering Kapton and
Teflon tapes are under evaluation, with Kapton being
the stronger and Teflon being the easier to work.

COIL JACKETS

As has been indicated earlier, the coil is
enclosed in a metal jacket which has two electrical
breaks (see Figure 4 ) . The insulating portion of
the electrical break is a ring of alumina brazed to
tantalum sleeves which are in turn brazed to Inconel
bellows. Ttu-: design voltage across the electrical
break is 500 volts and the purpose of the serrated
surface on the alumina ring is to prevent the depo-
sition of metallic impurities on the insulator which
would reduce the resistance of the electrical break.

FIGURE 4
DETAIL OF ELECTRICAL BREAK

The outer jackets are cast in four sections, two
upper halves and two lower halves. The material
chosen is Hastelloy C4C; this material was selected
because of its good strength in the as-cast form,
its low magnetic permeability, its ease of fabrica-
tion and its apparent suitability for use in a
vacuum.

Other materials considered include Inconel cast-
ings and Inconel fabrications, which were rejected
because of manufacturing difficulties; Inconel
forgings or bars cut from plate, which were rejected
because of cost; and austenitic stainless steels,
which were rejected because of low strength.

01 major importance in the selection of material?
for use within a vacuum is the absence of cracks,
inclusions and gas bubbles within the -naterial,
defects normally associated with castings. Samples
of cast Hastelloy were examined under a microscope
and then put into a vacuum test ĉ sr.ber and it was
decided to use this material or. the basis of these
tests. A potential supplier has guaranteed castings
which will conform to or exceed the requirements of
ASTM E446 Level 2 as regards porosity and inclusions
and, if necessary, the cascings can be upgraded by
welding. In any case, the outer 6 mm of all cast-
ings will be machined off, as a significant part of
the porosity and inclusions In a casting is usually
found near its surface.

The inner shells are made from sheet Inconel 1 Tim
thick; they are made up in 45° sectors and split
equatorially into two halves. The sections are
welded around the coil and, to protect the coil and
its insulation from the effects of the welding, 5
2 mm thick layer of quartz fibre tape is wrapped
tightly around the bundle of conductors. The welds
will have 1 mm thick backing strips and tests have
been carried out which show that the 2 mm of tape,
in conjunction with the backing strip, will protect
the conductor and its Insulation during welding.

COIL SUPPORT SYSTEM

While the two sets of deflector screening coils
are supported from trapezes, the support brackets of
the deflector coils are cast as an integral part of
the outer shell (see Figure 1). They are located so
as not to protrude beyond the surface of the neu-
tralizing plates (which they support and cool) and
are bolted rigidly to the members of the internal
structure. These "ell"-shaped components have a
limited radial movement, thus catering for thermal
expansion of the coil.

COOLING AND THE COOLING WATER SYSTEM

Apart from the main tokamak cooling water system
which is used to cool the toroidal field and exter-
nal poloidal field coils, the tokamak is equipped
with a small-volume closed—loop demineralized water
cooling system which serves to cool all the compo-
nents within the vacuum vessel. The Internal coil
conductors and jackets are cooled by this system,
both during machine operation when the primary heat
load comes from the conductors, and also when the
machine Is shut down, at which point the main heat
load is that of the getters.

Because of the rapid increase in the temperature
of the conductors during an experimental run, the
cooling passage of the conductor is connected in
series with the passages in the jacket, the flow
proceeding from conductor to jacket; in this way,
the temperature of the jacket Is forced to follow
that of the conductor in order to minimize differen-
tial thermal expansion. The maximum temperature
difference between the two at the end of an experi-
mental run is expected to be 35°C.

Due to the poor thermal conductivity between the
neutralizing plates and the coil jackets, the neu-
tralizing plates cool slowly and thus do not impose
a significant heat load on the jacket.



The cooling water in the jacket runs in a passage
in the supports and returns between the inner and
outer shells of the coil, in grooves which have been
machined into Che outer shell. These grooves are
located where stresses permit, and they are designed
to be self-venting.

COIL ASSEMBLY PROCEDURE

In summary form, the coil assembly procedure ts
expected to be as follows:

- Apply Kapton tape and Teflon sleeve to conductor
sections.

- Assemble and clamp together the six conductors,
protecting them against abrasion.

- Twist the assembly roughly 60°.

- Bend the assembly into a ring, cut to the correct
circumference and install the electrical breaks.

- Braze the sections together and braze on end
connections.

- Finish the insulation at brazed joints and
elsewhere.

Vrap the assembly with quartz tape.

- Weld the inner shell around the conductors and to
the electrical breaks.

- 'Jeld the shell around the leads.

- Weld the outer shell.

- Finish the coil.

This assembly procedure is not final and changes
may evolve during pre-manufacturing testing and
manufacture of the first coil, particularly to those
parts of the procedure dealing with the fabrication
of the conductors.

No tests have been mentioned in the above list;
it is evident however that tests will be carried
out after almost every seep of the manufacturing
procedure, and the tests will include electrical
tests, helium leak tests and pressure tests.

PRESENT STATUS

These coils are being manufactured at IREQ in its
own workshop. To date, the conductors have been
manufactured (by Noranda) and delivered and tests on
the Kapton insulation carried out, both electrical
and wear tests. A machine for wrapping the con-
ductors has been made and tested and the brazing
procedures are well advanced.

A mock-up of the coaxial part of the leads has
been manufactured to show the feasibility of the de-
sign; the actual design used will be modified some-
what to make it easier to insulate the component.

Jacket components which have been ordered or are
on the point of being ordered include the electrical
breaks, the outer jacket castings and the inner
shells.
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ABSTRACT INTRODUCTION

The results obtained with a computer program which
calculates the magnetic fields are forces In the
Tokamak de Varennes are described. Me consider all
scenarios arising during the various machine opera-
tion nodes by treating them as steady state. All
transient phenomena are neglected and all materials
are assumed to be amagnetlc. The model of Che colls
and algorithm used in the code, based on direct Inte-
gration of the Biot-Savart law, are presented. The
classification of all the scenarios considered is
discussed. The toroidal magnetic field and its spa-
tial variation is given. The interactions of the two
coil sets, toroidal and poloidal, with themselves and
with each other lead to four different types of loads
which are described In detail with examples of nume-
rical results.

The tokamak consists essentially of a toroidal
vacuum vesel and of a coll system producing the ne-
cessary magnetic field configuration (Fig. 1). The
toroidal field (TF) circuit, consisting of TF power
3upply and sixteen TF coils, produces a quasi-statio-
nary confining field for the plasma. There are twen-
ty-nine poloidal field coils (PF) subdivided into
ohmic heating coils (OH), equilibrium field coils
(EF), plasma shaping coils (PS), divertor coils (DF),
horizontal position coils (HP), and vertical posi:ion
coils (VP). The OH coils act as the primary of an
air core transformer whose purpose Is to create and
maintain the secondary current flowing In the plasma.
The EF coils provide a vertical field In the plasraa
region whose purpose is to create and maintain the
secondary current flowing in the plasma. The EF

HP-27

FIGURE I
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coils provide a vertical field In the plasma region
whose purpose it is to counteract the outward force
Che plasma exerts on Itself- The HP coils provide a
fast component of the vertical equilibrium field for
horizontal position concrol, whereas the VP coils
provide a radial field for vertical position control.
The PS coils change the curvature of the vertical
field and the shape ot the plasma to improve stabili-
ty. Furthermore the Tokamak de Varennes is equipped
with two poloidal dlvertors, consisting of 3 deflec-
tor (DF) coils, each of which channel the outer
layers of plasma to the dlvertor chamber to be neu-
tralized and pumped away.

Corresponding to thestf coil sets are six indepen-
dently programmable power supplies, (TF, OH, EF, DF,
HP, and V P ) . The PS coils, which have no dedicated
power supply, may be connected into the EF circuit to
Improve plasma stability.

These numerous coll sets, energized according to
many different operational scenarios, lead to a com-
plex magnetic field configuration which must be accu-
rately determined because departures of the field
from symmetry affect the plasma, fields outside the
device perturb the measurements, and the forces bet-
ween the magnetic fields and the currents producing
'them constitute the mechanical design criteria for
the device. Here, a distinction Is drawn between the
normal operating modes, occurring with high frequen-
cy, which serve as input to a fatigue analysis of the
machine, and the seldom-occurring extreme or acciden-
tal conditions which determine the design safety
factor.

MODELLING OF THE TF COILS

The 16 rectangular Tf coils of the Tokamak de
Varennes, symmetrically placed about the z axis,
present an angular separation of 22°30'. The cross-
sections of the horizontal and external vertical
branches are rectangular while the cross-section of
the inner vertical branch is trapezoidal. The major
parameters of the TF coil system are given In table
1.

TABLE 1: MAJOR PARAMETERS OF THE TF COIL SYSTEM

1,5 Tesla
16
4

1 0 0 k A
1.615 kA/cra
2.369 kA/cm

Magnetic field at plasma
Number of colls
dumber of turns per coil
Total current per turn
Current density: rectangular section

trapezoidal section

Accurate determination of fields and forces requi-
res three-dimensional modelling and computation.
Most methods for a general three-dimensional current
distribution assume that the conductor cross-section-
al area Is negligible. Wliile this filamentary appro-
ximation is valid Cor regions remote from the conduc-
tor, It leads to large errors in Its neighbourhood,
creating in particular large Inaccuracies in the
force distribution. We avoid this difficulty by
applying the Biot-Savart law to a volume current
distribution. Since this equation Is exactly inte-

grable for only a few simple volume current distribu-
tions [1], we break up the coils into sets of such
elements, and apply superposition to compute the
total magnetic field of the coil at a given point.

In order to calculate the toroidal field of a
single TF coil we break It up Into a set of rectangu-
lar conducting bars whose fields are exactly known
[1J[3]: one bar for the horizontal branch, one for
the outer vertical branch. The Inner vertical branch
Is broken up Into a set of 10 vertical conducting
bars, of equal thickness and variable width, to re-
produce the trapezoidal cross-section.

In the corners, a precise determination of the
current would require three-dimensional finite-ele-
ment analysis, beyond the scope of this work. Ra-
ther, we have adopted the following model, which
conserves the total current and minimizes current
discontinuities but does not describe exactly the
local current distribution.

In the outer earners., the current is taken to flaw
diagonally from the horizontal branch to the outer
vertical branch along conducting bars of variable
length but constant width, at 45 degree. The total
current Is uniformly distributed among these bars.
The inner corner configuration Is more complicated
since It requires the connection of a trapezoidal
section to a rectangular one with rectangular conduc-
ting bars of variable length and width. In addition
to the 45 degree bars as for the outer corners, we
have used several off-diagonal conducting bars to
complete the smooth transition, both vertically and
laterally, as shown In Fig. 2.

FIGURE 2: OFF-DIAGONAL CONDUCTING BARS
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To calculate the total toroidal fleLd we have
calculated the field due to a single coil and added
the contributions of all other TF coils, obtained by
coordinate transformations.

TA3LE 2: TOROIDAL FIELD IN THE PLASMA REGION'

R (a) (T)

TOROIDAL MAGNETIC FIELD

In order to check the physical validity of the
results, ue calculated the Integral of Ampere's law
along coaxial circles,

2K

0,6

0,7

0,85

1,00

1.1

2,136

1,832

1,509

1,282

1,166

0.56E-0 4

0.19E-O2

0.43E-01

0.58

2,64

d*

Along circles enclosed by the TF coils, this must
yield the total ampere-turns, 6,4 MA, while at points
outside this Integral must be 2ero.

In the plasma region, the maximum relative error
is 0,2% while for other points in the region enclosed
by the TF coils the maximum is 0,57.. The absolute
precision obtained at points outside the TF colls is
equivalent or superior.

Inside the TF coils the toroidal field decrease as
1"? is verified to a precision of 0,02% in the equa-
torial plane.

On the axis of symmetry of the device, where the
toroidal field should be zero, the numerical values
obtained are less than 10E-06 T. Even if rigorously
we cannot extrapolate this absolute precision to all
other points, the accord with Ampere's law at every
point Indicates that the precision of the field does
not vary strongly.
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TOROIDAL FIELD RIPPLE

Because the toroidal field winding is composed of
discrete TF colls, it does not produce the ideal
purely toroidal field depending only on R. The indu-
ced field contains variable R and z components and
has the form:

FIGURE 3: CONSTANT RIPPLE CONTOURS

The vertical variation of these values is negligible
in the plasma region.

B - (BR(R,0,z),
MODELLING OF THE PF COILS

The field variation or ripple, ae constant R and
z, is defined, peak to peak, aa follows;

B«.max " B».mln 100%

In the Tokamak de Varennes the PF coils consist of
the OK solenoid and 28 plane circular coils oriented
such that their axes are collinear with the machine
axis; they generally have small corss-sections rela-
tive to their diameters. The PF coils are grouped
into S sets such that each set can be energized inde-
pendently to achieve a specific purpose.

where B,j oax> Bj m i n are the maximum and minimum
values of the toroidal component of the field at
constant R and z for 0 varying within the period of
22° 30'. The mirror ratio, B(jllnax'

/B0,ailn is a func"
tlon only of the ripple. Table 2 summarizes the
results of the toroidal field in the plasma region
and Fig. 3 presents the constant ripple contours
Inside the TF coils.

The field at any point due to a circular current
is exactly known [1] and Is axisymaetrlc. The field
produced by the PF colls can be modelled using super-
position of the fields from circular current fila-
ments, where each PF coil is modelled by one or more
filaments. The polotdal field created by the plasma
is simulated by a fictitious PF coil placed at the
center of the plasma region and carrying the plasma
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current. While giving a good representation of Che
force applied by die plasroa on the PF coils the model
does not Include the detailed plasma current distri-
bution and the para- or diamagnetic currents flowing
in the plasma, and is thus unable to represent Che
force on the plasma.

OPERATION MODES AND SCENARIOS

B is given by the expression

dF = j x B dV

The total force on conductor is equal to the integral
of dF over that volume. The force per unit length of
conductor is obtained by integrating dF over the
cross-section of that conductor.

The poloidal magnetic field is so complex that it
is impossible to identify a priori the critical sce-
nario which will result In the maximum load on a
given PF coil. The large number of coils fed by 5
independent power supplies, forces us to analyse all
possible scenarios for each direction of the applied
forces.

In order to determine the worst case, all combina-
tions of PF coll currents must be evaluated. The
scenarios considered include the most stringent cons-
traints in normal operating conditions, as well as
test or fault conditions. The most complete set of
scenarios consists or all ctrttftii-natAtrtra oi •aaxiwa'a
currents In both polarities, where each combination
is considered in the presence or in the absence of
the maximum plasma current. However, some of these
scenarios represent unrealistic situations. For
example, plasma equilibrium requires a certain value
of vertical field and therefore only certain combina-
tions of plasma current and EF/HP currents are allow-
ed.

The scenarios are divided into groups according to
the values of the predominant poloidal fields, I.e.
according to the values of plasma, OH and EF cur-
rents. Each group consists of all possible combina-
tions (16) of the other currents (DF, HP, VP, P S ) .
•Je have accordingly identified 16 different groups of
realistic scenarios.

These can be further daasijlttd acwtdiiig to
probable frequency of appearance during the machine
lifetime. The first class, high frequency, contains
the group of scenarios occuring during every pulse.
The device is designed for 300 000 pulses- The se-
cond class, medium frequency, contains all groups of
scenarios forming the start-up of a plasma pulse or
following a plasma disruption; their frequency of
appearance has been taken to be 10 000. The third
class, zero frequency, includes test or fault groups
of scenarios without plasma which, while not excluded
in principle, will not be made to occur intentional-
ly.

The Interactions of the two coil sets, toroidal
and poloidal, with themselves and with each other
lead to the four different types of interactions
described below.

TF loads on TF coils

The forces exerted by the TF colls on themselves
are axially symmetric and lie in planes which contain
the machine axis. These In-plane loads tend to
stretch the conductor in each plane, and have a net
resultant toward the machine axis which Is called the
centering force.

FIGURE 4: LOADS ON TF COILS
Fl: CENTERING FORCE
F4: OCfT-OF-PLANE FORCES

The classification allows us to determine simulta-
neously the maximum forces applied on a coil, or
group of coils, and the loads whose frequencies of
appearance might Influence machine lifetime and fa-
tigue.

The expanding forces are absorbed by Che massive
TF coil body. The centering forces are absorbed by
permitting the coils to be*r against the central
core, or bucking post.

LOADS ON THE COILS

The differential force dF on a valume dV of a
conductor with current density j in a magnetic field

Besides these loads the TF coils experience out-of
plane attractive loads toward adjacent coils. Under
normal operating conditions the loads exerted by the
adjacent colls are equal and opposite.
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TABLE 3: IN-PLANE KORCES ON THE TF COILS PF loads on PF c o i l s

0
0
0
0

INSIDE

(m)

.08

.28

.43

.68

VERTICAL LEG

FE.

-0
-0
-0
-0

(N/m)

.92E+06

.92E+06

.92E+06

.89E+O6

HORIZONTAL LEG

R Cm) (N/m)

0.43
0.53
0.63
0.73
0.83
0.93
1.03
1.13
1.23

OUTSIDE

Z (ra)

0.06
0.18
0.30
0.42
0.54
0.66

u.3OHTUO
O.48E+06
0.40E+06
O.35E-M36
0.31E+O6
0.27E+O6
O.25E+O6
0.23E+O6
0.23E+06

VERTICAL LEG

FR (N/M)

0.18E+06
0.18E+06
0.18E+06
0.18E-H)6
O.19E+O6
O.22E+O6

Rather than calculating separately the forces on
the PF coils Cor every selected scenario, we compute
first the geometrical part of the problem. The re-
sults are presented in an "interaction matrix" form
whose elements represent the force between each pair
of coils, for unit current in each coil of the pair.
This "interaction matrix" changes only if we modify
the geometry of the problem, the coil position or
shape and Chus has Co be calculated only once. To
obtain the total force applied on a single coil by
all coils, including itself, all that remains to be
done Is to multiply each uatrlx element by the cur-
rents in each coil corresponding to the scenario to
be considered and to sum up.

We then select the maximum values of the applied
force in each direction on every coil among the sce-
narios, the groups of scenarios and the classes of
frequencies, each force remaining identified by the
scenario that produced it.

The total load on a particular PF coil due to the
total polotdal field is uniformly distributed along
the perimeter of the coil. The radial field compo-
nent Interacts with the toroidal current in the PF
coil to yield vertical force components which sura up
to give a non-zero vertical net force absorbed by the
coil fastening. The vertical field component Inter-
acts with the same toroidal current to generate a
radial force component which creates internal stress,
the net radial force on a PF coil as a whole being
zero by symmetry.

TF loads on PF coils

PF loads on TF coils

The PF coils are pulsed and not In phase. Howe-
ver, at any instant, the field lines they produce lie
In planes containing the z axis. The poloidal field
is axially symmetric and has z components of field
which have the same magnitude and direction at cor-
responding points above and below the equatorial
plane. If two such points on the horizontal leg of
the TF coil are considered, then the poloidal field
will Interact with the TF current at these points to
produce equal and opposite out—of—plane forces, be-
cause the radial component of TF current has opposite
signs above and below the equatorial plane. These
forces generate what Is called the overturning moment
on each TF coll. All combinations of PF coil excita-
tions must be evaluated to determine the worst case.
The reactions against the overturning moments will be
provided by struts between TF coils at their outer
end and transfer of moments to an external torque
frame near the end of the inner leg. For these cal-
culations, the effects of the DF, HP, VP and PS coils
ire neglected because of their relatively low fields
at the TF coil. The 16 remaining scenarios provide
an envelope for all possible overturning moments.

Since the current in a ?F coil is only toroidal,
there Is no load on a PF coll from the main toroidal
component of the toroidal field. However, the radial
and vertical components coming from the ripple of the
toroidal field Interact witV the toroidal current to
generate vertical and radial force components. These
forces vary with the poloidal angle and are symmetric
in angle from -11°25' to 11°25' centered on each TF
coll. There is no net load froo the ripple on a PF
coil but the force Is nonuniform and periodic. Insi-
de the TF coils, the ripple Increases with R and z.
The most affected PF coils are located near the out-
side corners of the TF coils where the ripple is the
strongest. In that region the ripple reaches iOX and
the maximum local force is between 100% and 150% of
the force at the same point due to the interaction
with the poloidal field. An example of the force
distribution is given in Fig. 5.

Loads on the solenoid

Among the PF coils the solenoid requires special
attention due to Its dimensions and the total current
it carries. To permit study of the stresses Inside
the solenoid, we calculated, for different scenarios
and radius, the vertical variation of the radial and
vertical components of the f<>rce inside the solenoid.
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FIGURE 5: ANGULAR DISTRIBUTION OF VERTICAL FORCES
ON COIL EF-9

each other. The central turns of the solenoid are
thus relatively more Influenced by the external
field. Due to mechanical transmission of forces
between the different turns, the net local force will
always remain compressive. Therefore the solenoid
will always be, both globally and locally, under
compression.

CONCLUSION

The method we presented here can easily be adapted
to any change In the machine operating modes that may
occur during the experiment lifetime. These numeri-
cal codes have been applied to other problems Inclu-
ding Interactions between the magnetic field and
Induced currents in the vacuum vessel following a
plasma disruption [2]. We think that further impro-
vement of this analysis can only be obtained by using
a full tridimenslonal finite-element algorithm.
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FIGURE 6: FORCE PER UNIT VOLUME ON THE SOLENOID

For every scenario considered, the radial force Is
always everywhere positive (outward) and sustained by
the coll itself. For most scenarios, the solenoid is
everywhere under magnetic compression. For one sce-
nario where the plasma pololdal field is absent, weak
positive (outv-rd) vertical force Is generated In the
central half of the solenoid, but the external half
remains under heavy compression. This can be explai-
ned by the attraction exerted on each turn by all
others. For the external turns all these attractive
forces sum up while for the central turns they cancel
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ABSTRACT

The Poloidal Limiter of TETR will become radio-
active and maintenance of the limiter has to be
carried out using remote techniques. The following
paper outlines the conceptual design of hardware,
and describes the procedures required to remove and
replace the poloidal limiter.

POLOIDAL LIMITER FUNCTION

The function of the limiter blades is to provide the
limiting physical boundary for circular plasma
configurations. The cross-section can be varied in
order to achieve different major and minor radii of
the plasma. The limiter of TFTR is designed to
remove the energy released from the plasma edge, and
the accumulated heat generated in the limiter
surface, by a water cooling loop.

POLOIDAL LIMITER - DESCRIPTION

BLADES

There are three hinged Umiter blades each having an
eliptical shape along the toroidal direction. (Fig.
1).

FIGURE 2. LiniTES BUSES - BAf ff

Upper and lower blades have roller pivots that
permit the linear actuator motion to adjust the
angle presented to the plasma, and thus to vary the
plasma cross-section for scaling experiments (Fig.

3. u n l i t JDJUSTPEOT ?o» «utsm owss SECTION

FIGURE I . HIHGEO LIMTER BUDES

These blades are attached independently to three
screw^ driven actuators. The actuators and blades
are located on TFTR at three port entries (Bay M) on
the vacuum vessel (Fig. 2).

The midplane blade is rigidly attached to the
midplane actuator shaft and drive. This limits the
blade motion to only translation. The aft end of
the limiter, because of its length, is supported
from a beam mounted on the TFTR umbrella structure.
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TILES

The graphite tiles are subject to direct contact
with the plasma, and the accumulated heat generated
in the surface of the tiles is carried away with a
water cooling loop. One hundred and ten graphite
tiles are attached to the three inconnel plates of
the blades. The tile arrangement is shown in Fig.
4. Cooling of these tiles is maintained by contact
conductance at the plate interface, each tile is
attached to the backing plate that thread into
barrel nuts integral with the tile.

f IMiRE •>. TIL£ »TT«CHBENT "ETHOO

The temperature of the graphite tiles is monitored
with an array of thermocouples attached to the tile
backing plate. Cooling lines and instrumentation
leads are collected into these tubes which penetrate
the port cover and are sealed from the vacuum
vessel. At the port cover, a bellows and electrical
insulator maintains the vacuum boundary and
electrical isolation of the blades.

LIMITER ASSEMBLY

The midplane blade is secured to the midplane
actuator and port covet flange. The connection
contains a primary vacuum seal. The midplane bade
is bolted to the actuator shaft and forms a rigid
structural box section. The midplane actuator is
connected to the upper and lower horizontal blades
through pivoted connections. The limiter assembly
is shown in Fig, 5.

i5iri>#a3E-

Remote handling was a feature required during the
design of the limiter. The limiter blades {upper,
lower, and vertical) are removeable as an assembly
with the vessel port cover and mid-plane actuator.
The three limiter blades ara attached to the
actuator shaft, and the port cover is attached to
the actuator body. Water cooling and
instrumentation pass-throughs also are connected
through the port cover making it a module. The
upper and lower bledes collapse to the horizontal
position and are locked with pins through the pivot
shafts. The roller asembfy permits the blades to be
withdrawn through the midplane port. Prior to
removal of the assembly the eighty four port cover
bolts must first be loosened, and this frees the
assembly to be withdrawn, once all water and
instrumentation connectors are parted.

LIMITER OPERATING EXPERIENCE

Fig. 6 shows damage experienced by a tile on the
lower blade of the limiter, suffered during the
recent operating period. To replace the tile by
"hands-on" maintenance methods would require
approximately five, 3-man teams, in order to reduce
the worker exposure to acceptable levels (2).

FICL1C *. TILt DAXU1

•I5OTE S. LrPTfTER « 5 M L Y •
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REMOTE HANDLING EQUIPMENT - DESCRIPTION

FUNCTION

The function of the remote handling equipment is to
remove the complete limiter assembly from TFTR to a
location external to the machine. From this
external position on the Test Cell floor the
assembly can be removed to a "hot cell" or
maintenance area, where remote handling equipment
can perform the necessary tile maintenance
operations.

DOCKING SUPPORT FRAME

The main docking frame consists of a space frame
structure mounted on rollers and aligned on rails on
the Test Cell floor opposite the poloidal limiter
assembly. The frame is motorized so that it can be
driven into position at Bay "M" for the removal or
installation operation.

The frame supports a carriage which rides on
guideways on its upper surface. The carriage is
used to support the weight of the limiter during the
limiter removal operation.

After installation of the docking frame at Bay 'M'
the frame is anchored to the TFTR umbrella
structure. This anchorage is provided by an air
operated lock, and prevents movement of the frame
during the limiter removal/installation operation.
The docking support frjtte is shown in Fig. 7.

DOCKING FRAnt

FIGURE 7. DOCKING SUPPORT FIUBE

CARRIAGE FRONT SUPPORT

The carriage front consists of two acme screw jacks
driven by a DC stepping motor and splitter gear
box. A preload is applied to the limiter assembly
by the jacks via a yoke support mounted on the
limiter housing. The load is applied via a set of
belleville washers. Guidance is provided by two
vertical, hardened and ground, guide rods mounted on
the front support base plate. The base plate is
provided with lateral adjustment for alignment, and

this feature will be used during initial setup of
the equipment.

The jacks support the limiter assembly via a yoke
mounted on the body of the limiter. This yoke is
free floating so that the jack loads are
equalized. The front support concept is shown in
Fig. 8. ,Y

FIGURE !. FRONT SUPPORT

CARRIAGE REAR SUP°ORT

The carriage is provided with a rear support to
engage and support the weight of the aft end of the
limiter. The support consists of a yoke with
vertical adjustment and limited angular float. The
complete assembly is mounted on a baseplate and
lateral adjustment provided for initial set-up and
alignment.

The limiter body is provided with a collar rigidily
mounted to the external part of the housing. Two
diametrically opposed holes on the collar are used
when engaging the rear support pins.

When the pins are engaged, the carriage axial drive
is energized to withdraw the assembly from the
vacuum vessel nozzle face. The carriage rear
support is shown in Fig. 9.

FIGURE 9, BEAR SUPPORT
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REMOTE HANDLING PROCEDURE

To complete the remote handling function, the main
docking frame (and support carriage) is assembled in
the Test Cell, opposite the limiter assembly, on
floor mounted rails. The docking frame is driven
radially inwards and locked to the umbrella
structure of the reactor (Fig. 1 0 ) .

Once the bolts are loosened, and the limiter weight
is supported by the carriage front and rear
supports, the carriage axial drive is energized tc
retract the carriage, together with the limiter
assembly. The carriage ia withdrawn to a position
appcoKiroatebf twenty £eet cadiaLLv outwards so that
the limiter assembly is clear of the TFTR umbrella
structure. From this position the limiter assembly
is removed to a "hot cell" maintenance area by an
overhead crane, where tile maintenance operations
will be carried out. The removal of the docking,
carriage and liraiter assembly is shown in Fig. 12.

The carriage is driven , by a motor radially inwards
towards the limiter assembly, latches onto the
limiter body and supports the weight of the
limiter. The carriage rear support pins are engaged
while the front support is preloaded to take the
weight off the port cover: pins. The aft support of
the limiter is moved to the release position. The
installation of the carriage is shown in Fig. 11.

FIGURE & . U H f T E l ASSEflBLY REMOVAL

REFERENCES:

LIMTER AFT SUPPORT

CARRIAGE

FIGURE U . MSMLUTIOII OF CARRIAGE

(1) System Description: TFTR Nbveable Limiter
Blades (Report No. GA-C16636)•
(21 Remote. Maintenance o£ TFTR Components - Fusion
Technology 1984 (Vol. 2).
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The port cover attachment bolts are loosened by
special tools mounted on the carriage. During
reassembly of the limiter, the tool nodule will be
required to torque the bolts in a sequential di
to ensure a vacuum tight seal.
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ABSTRACT

A system for separation of tritium from protium
bdsed on selective multiphoton dissociation of
trifiuoromethane Is under development. In addition to
the selective multiphoton dissociation process,
processes have been demonstrated for transfer of
tritiun from a water feed to the trifluoromethane
process gas and for the separation of the trftiated
dissociation product from the trifluoromethane after
the laser dissociation cell. A simple dissociation
cell design employing waveguiding of laser radiation
in hollow cylindrical dielectrics has been tested.
Vork Is continuing to Integrate the experimental data
into a computer model of the complete detritiation
system which will allow us to determine If this
process can provide the basis for low cost, low
inventory tritium separation facilities.

INTRODUCTION

Interest in trifluoromethane as the basfs for
hydrogen isotope separation processes was first
aroused with the discovery of the highly deuterium
selective multiphoton dissociation of this molecule at
wavelengths around 10.2 urn1!2. Following this
discovery, work was performed at a number of
institutions to further characterize the dissociation
process, and to develop methods for integration of the
selective dissociation process into a complete
production process for deuterium3"8.

In view of this previous work, trifluoromethane
was a natural candidate to consider for tritium
separation processes. Theoretical and experimental
studies of the spectra of this molecule showed that
strong absorption was present in the CF3T molecule
around 9.2 urn, a region in which the CF3H molecule was
relatively transparent9'*0. Subsequently, experiments
showed that on irradiation with a CO? laser at this
wavelength, the probability of dissociation of a CF3T
molecule could exceed that of CF3H by more than 10',
confirming that this molecule could indeed form the
basis for a tritium from protium separation system11.

PROCESS INTEGRATION

Integration of the selective multiphoton
dissociation into a complete tritium separation system
requires several additional process steps. The
essential elements of such a system, shown
schematically in Figure 1, are as follows:

a) An exchanger, where tritiated water (the
feedstream in most applications) transfers Its tritium
to trifluoromethane.

b) A laser dissociation cell, where the isotopically
selective dissociation takes place.

c) A separator, where the tritiated dissociation
product: of the laser dissociation cell are chemically
separated from the remaining trifluoromethane,

yielding detritiated trifluoromethane which can be
recycled to the exchanger.

Tritiated
' Water In Tritiated

IT ri fluoromethane
Laser
Dissociation
Cell

, Laser
r' Beam

Detritiated
Water Out

Detritiated
T rifluorome th an e

j—Trifluoro-
methane +
Dissociation
Products
(CFdH TF,
HF, C2F4I

FIGURE 1
LASER TRITIUM SEPARATOR SCHEMATIC

The current status of the methods proposed for
these operations are summarized below.

EXCHANGER

The exchanger unit consists of two parts: the
trifluoromethane exchanger, where the trifluoromethane
is retritiated prior to laser dissociation by contact
with a tritium bearing water/sodium hydroxide mixture,
and the liquid regenerator (see below) where the
tritium-stripped water/sodium hydroxide solution from
the trifluoromethane exchanger is recharged with
tritium-contaminated water, while recycling the sodium
hydroxide catalyst.

The equations6 describing the operation of the
sodium hydroxide-catalyzed water/tri f l uoromethane
exchange section of a laser detritiation plant are the
following:

CF3H + OH" — CF3- + H20

CF3- + HTO — CF3T + 0H-

(1)

(2)

The rate of reaction (1) is slow at temperatures
below 100'C, which would lead to a large, high
inventory exchange tower. However, in the analogous
reactions involving deuterium, it has been shown that
addition of dimethyl sulphoxide to the water can
increase the rate of this reaction by several orders
of magnitude, leading to an acceptable size for the
exchange tower.

Although the addition of dimethyl sulphoxide to
the water leads to an acceptable rate for the water-
tr1fluoromethane exchange reaction, the presence of
dimethyl sulphoxide in tritium-containing solutions



10.2.1

gives rise to other problems. In particular, by a
series of exchange reactions similar to (1) and (2),
the hydrogen on the dimethyl sulphoxide can exchange
with the hydrogen on the tritiated water, leading to
tritiated dimethyl sulphoxide. Although dimethyl
sulphoxide exhibits excellent temperature stability, a
small amount will decompose under the conditions of
the trifluoromethane exchange tower, and the decom-
position products will be gaseous, tritium-containing
compounds. We are concerned that these products will
be difficult to contain and may be a possible pathway
for tritium release.

In order to avoid these difficulties, we are
exploring the possibility of performing the
trif1uoromethane exchange without dimethyl sulphoxide
but at high temperatures (> 110*0. Work on the rate
of hydrogen-isotope exchange has indicated that the
reaction is fast enough at these temperatures to be
economically feasible*". However, as the temperature
is increased, the rate of trifluoromethane hydrolysis
also increases. It will be necessary to measure this
hydrolysis rate as a function of temperature to
determine the optimum operating temperature where the
exchange rate is fast enough to be practical, but the
hydrolysis is not sufficiently rapid to cause
excessive decomposition of the trffluoromethane.
Preliminary work has indicated that a reasonable
trade-off between these two processes can be made at
around 120*C6.

The second process within the exchanger unit is
retritiating the water/sodium hydroxide solution that
leaves the trifluoromethane exchange tower. One
approach is to use conventional distillation methods
to remove the tritium-depleted water from the sodium
hydroxide before adding tritium-rich water. A
problem with this method is that the sodium hydroxide
will salt out in a distillation column, resulting in
an expensive process.

As a solution to this problem, we have proposed
that a process known as "exchange liquid regeneration"
be adopted. This technique 1s shown schematically In
Figure 2. The exchange liquid (consisting of water
and sodium hydroxide) leaving the exchange tower is
passed to a second tower where it is contacted with
feed steam in a countercurrent process. As the
exchange liquid passes down this tower it picks up
tritium from the feed and exits at the bottom.
Meanwhile the steam gradually loses tritium as it
passes up the tower and exits at the top. In this
way, the tritium content of the exchange liquid is
replenished without ever separating the exchange
liquid into its component parts. The major advantage
is that the exchange liquid does not change its sodium
hydroxide concentration, and therefore precipitation
problems are avoided. This type of gas-liquid
exchange is similar to a number of conventional
separation techniques115 and has been demonstrated to
work in our laboratory.

LASER DISSOCIATION CELL

The fundamental problem in the design of a
dissociation cell for this process is the high laser
fluences (energy/unit area) required for dissociation
of CF--T. The fluence required, approximately 65
J/cmz, is 1n excess of the damage threshold of all
known mirror materials. Consequently "equifluence"
dissociation cells, in which the laser radiation is
constrained to make multiple passes by complex
aspheHc mirrors to give a large volume in which the
fluence is close to the optimum for the dissociation

process^, are not feasible for this application.

Depleted Steam Output

itl
\___ Depleted Exchange

f I/-— -—Liquid Input

• Feed Steam Input

Retritioted Exchange Liquid Output

FIGURE 2
APPARATUS FOR EXCHANGE LIQUID REGENERATION

To increase the volume 1n which high fluences
occur without running Into mirror damage problems, we
have been testing the use of pyrex capillary tubes as
waveguides for the laser radiation as shown in Figure
3. Use of such a device traps the laser beam and
creates an extended region of high fluence where
dissociation can occur. Since the electric field in
the waveguided modes Is zero to first order at the
capillary walls laser damage problems are avoided by
use of such devices.

Free space radiation can be coupled into such
waveguides with efficiencies above 98S*4, and once the
waveguide modes have been excited their losses per
unit length of waveguide can be very small". (pOr
instance, at wavelengths around 10 um the lowest loss
mode in a pyrex waveguide of 1 mm radius has an
absorption coefficient of approximately 0.046/m.)
Consequently the use of such a waveguide cell does
not lead to large losses of laser photons.

Theoretical calculations of the number of photons
consumed per tritium atom separated from a CF3H stream
initially tritiated at 1 ppm are plotted against laser
pulse energy In Figure 4. For comparison purposes,
results are shown for waveguide cells in which the
waveguide section has been chosen to be of optimal
length and for "conventional" cells, in which the
laser pulses enter the cell as a converging beam of
large radius, come to a focus within the cell, and
exit the cell as a large diameter diverging beam. The
graphs show that the waveguide cell is superior to the
conventional cell by approximately an order of
magnitude for all input pulse energies in the range
0.1 to 200 J.

Experimental studies of waveguide cells have been
performed on the removal of both CF3D and CF3T from
CF3H. In the CF3D experiments, enhancements in yield
up to 2 orders of magnitude were found compared to
previous experiments using similar pulse energies in
conventional cells. In experiments on CF3T removal,
up to 40% of the tritium in a sample Initially trit-
iated at the 0.2% level has been removed in a single
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I
WINDOW

CAPILLARY CELL WALL

FIGURE 3
WAVEGUIDE DISSOCIATION CELL

pass through a 20 cm long waveguide dissociation cell.
In this experiment the gas flow rate and laser
repetition rate were set so that on average each
molecule was exposed to two laser pulses while passing
through the cell. Even greater depletions can be
achieved by increasing the number of pulses.

-1 0 1 2
n (Pulse Energy, Joules)

FIGURE 4
CALCULATIONS OF PHOTONS/DISSOCIATION FOR REMOVAL

OF 1 PPM CF3T FROM CF3H

SEPARATOR

The separation of the tritiated products of the
laser dissociation 1s simplified because the breakup
of trifluoromethane occurs through only one channel
and because the products in that channel do not react
with the trifluoromethane or each other:

CF3T + (laser energy) —• :CFj + TF

:CF2 + :CF2 —"C2F4

The TF product is highly reactive and may be
converted to other compounds in reactions with
construction materials. However, use of TF compatible
materials such as Teflon coated piping will allow the
TF to survive 1n its original form.

The separation of HF from hydrocarbon streams 1s
a common chemical engineering problem encountered In
the manufacture of fluorinated hydrocarbons. The
standard method for achieving such a separation is the
use of a bed of sodium fluoride. The HF is strongly
absorbed by such a bed, while halogenated hydrocarbons

are generally unaffected. Such a scheme can be
adapted to the removal of TF from CF3H:

TF + MaF — MaTF2

CF3T + NaF —- no reaction

The tritiated product absorbed on the bed can
recovered later by heating.

be

Although this method is well known, the degree of
TF removal required In the detritiation process is
much greater than Is generally required for HF cleanup
in a halogenated hydrocarbon plant. Consequently we
have Investigated the performance of NaF beds in
removing very low levels of hydrogen fluoride from
nitrogen. Extrapolations from our results suggest
that cooling of the MaF bed to approximately 0 *C or
below will be required to allow the removal of TF
down to the parts per billion level.

FUTURE WORK

Although the basic steps in a laser-
tri fl uoromethane detritiation system have now been
worked out, work remains to be done in several areas:

a) Exchange. The high temperature, no dimethyl
sulphoxide option for the exchange tower needs to be
examined more carefully. In particular, the" effects
of increased temperature on trifluoromethane
hydrolysis must be assessed. In addition to the costs
of increased trifluoromethane consumption, the effects
of the hydrolysis products on trifluoromethane solubi-
lity, and the difficulties in removing the
decomposition products from the sodium hydroxide
solution may be important. Experiments are in
progress to quantify these effects.

b) Laser Dissociation Cell. Although 9.2 urn is a
promising wavelength for T/H separation, no similar
region for T/D separation can be found in the region
of operation of the cheap efficient COj laser (9-11
11m). However, selective absorption for T/D
separation is expected to be found at 5.2 Mm, a region
which 1s accessible with a CO2 laser which has been
frequency doubled in a non-linear crystal.
Interestingly, this wavelength region also looks
promising for T/H separation, so that by using this
wavelength a universal system for separation of T from
the other hydrogen Isotopes might be feasible.
Experiments are In progress to examine the spectral
and dissociation properties of the trifluoromethane
molecule at this wavelength to check out this
possibility.

c) Separator. Although extrapolations of the work
we have performed so far imply that cooling the NaF
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bed to low temperatures will give acceptable removal
of the TF product, this has not been proven due to
difficulties in measuring very low levels of TF.
Experiments are planned using improved instrumentation
to extend our previous work to lower temperatures to
check the extrapolations.

d) Computer Modelling and Costing. To fully assess
the commercial potential of this laser detritiation
system, a complete picture of the flow rates, sizes of
components, etc. in a real plant is required. To meet
this need, a computer model of the laser detritiation
system is being developed. With this model we will be
able to understand the Interactions between the
performance of the various units in the system, and
derive optimal specifications for plants designed to
detritiate input streams of a variety of sizes and
specific activities.
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ABSTRACT

The Canadian program of research into the
behaviour of CANDU fuel under abnormal conditions is
reviewed. The program objective is to develop
physically-based computer models and verify them
against experimental data. Performance in low-
cemperacure accidents (below about 1500 kelvin)
should be well established by 1988; by 1990 the
consequences of severe fuel damage conditions should
be quantified.

INTRODUCTION

The objective of the AECL program into fuel
behaviour under abnormal conditions is to understand
what happens, and hence be able to predict the conse-
quences of any hypothetical accident. In practice
this entails researching various aspects of fuel
element behaviour in single effect tests, describing
this behaviour in computer codes, and finally
verifying both the separate effects codes and the
integrated fuel models by comparing predictions
against experiments performed under conditions that
approximate those predicted for a LOCA in a power
reactor. As these mors precise analysis methods are
verified, we anticipate that some of the conserva-
tisms that have had to be incorporated into previous
safety studies will prove to be unnecessary.

This paper seeks to provide an overview of fuel-
related work being performed in Canada with relevance
to CANDU fuel; subsequent papers in this conference
will deal in more detail with specific aspects of the
program. Although the majority of the funding is
being provided by Atomic Energy of Canada Limited, a
very significant contribution is being made by
Ontario Hydro and more recently by (few Brunswick
Power and Hydro Quebec through the CANDEV shared-cost
program, and the overall technical objectives of the
program are influenced by the close co-operation
between AECL Research Company, AECL CANDU Operations
and the utilities.

Figure 1 shows both the main components of the
program, and the time scale to which we are working.
Significant Canadian research into fuel-safety
related topics, primarily the high temperature
properties of Zircaloy, started in the early 1970's.
Since the philosophy has always been to start from
crude but conservative approximations and then refine
the critical areas, we have always had, at any time,
calculational procedures to enable us to predict the
consequences of accidents, but our target is to
complete a state of the art, verified computer model
to simulate the performance of CANDU fuel in
low-temperature accidents by about 1988. Similar
models for higher temperature accidents would be
completed by 1990.

The differentiation between low and high tempera-
ture accidents is somewhat arbitrary. Above about
1300 kelvin, the Zircaloy reaction with steam can
develop sufficient heat to cause temperatures to rise
and increase the rate of reaction. Additionally, the
Zircaloy may react with the UO2 itself. Therefore
the transition betweet. low and high temperature acci-
dents is generally one where the important question
changes from "Does the fuel element fail and release
fission products, and if so, when?" to "When the fuel
elements fail, how much fission product is released
and what is the final state of the fuel?". Addition-
ally, in the high temperature accident scenarios,
possible overheating of the pressure tube needs to be
considered. Thus, low temperature accidents emphasize
sheath deformation and the likelihood of failure, and
analysis employs conventional stress analysis
techniques, whereas the high temperature scenarios
concentrate more on chemical reactions and relocation
of fuel components.

LOW TEMPERATURE ACCIDENTS

We see from Figure 1 several of the components of
the low-temperature accident analysis. The
mechanical strength and rupture behaviour of the
Zircaloy sheath is of prime importance, especially as
there are several different metallurgical structures
present in a typical CANDU element with brazed
appendages. An understanding of the physics of
Zircaloy deformation (1) has lead to successful
mathematical models which are an essential component
of the codes to describe single fuel elements (2).

Processes which can cause failure of the Zircaloy
shea~n have been investigated and modelled (3), and
the original empirical criterion that no defect would
occur below 57. sheath strain has been substantiated,
though in most cases it is too conservative (i.e.
failures actually occur sone time after the 5%
criterion is exceeded). Extensive work on the
oxidation rate, the resulting oxygen distribution
through the sheath (4) and the resultant changes to
the mechanical properties have resulted in a complete
mechanical properties package. This subroutine has
been successfully tested and verified against the
very extensive data base, which includes tests with
non-uniform temperature distributions (5), or tests
which simulate the restraint Imposed by adjacent fuel
elements (3).

We need to ascertain the stress applied to the
fuel element sheath to calculate its strain and hence
probability of failure: In practice this means the
gas pressure internally within the fuel element,
although some contact between the expanding UOj
pellet and the sheath may occur early in some classes
of accidents. In contrast to PWR fuel elements,
CANDU elements have little free void so may operate
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with gas pressures as high as the coolant pressure
during normal operation. However, the small voidage
has che benefit that small amounts of s train cause
large re la t ive increases in void volume and reduc-
tions in pressure. In-reaccor t e s t s of instrumented
fuel elements are required co verify the models,
because of che d i f f i c u l t y of duplicating ln-reactor
conditions with e l e c t r i c a l l y heated fuel simulators.
These wi l l be discussed later in this paper.

It i s important to determine whether or not the
sheath f a i l s , since i t i s the f i r s t - l i n e containment.
However, once ic f a i l s , we have co estimate the
amount of f i s s i on product released to the fuel
channel. The subsequent passage of these released
f i s s ion products from che fuel channel into che
containment building and cheir fate thereafter , i s
not considered further in this paper, but i s an
important area of study, as considerable reduction in
airborne ac t iv i ty can take place by processes such as
solution or deposition on surfaces ( 6 , 1 2 ) .

To determine f i s s ion produce release from fai led
fuel during an accident, we consider the following
processes:

i ) Release of the gap inventory; chac i s , che gas
released during normal operation and stored in
the fuel-co-sheach gap. This gas i s released
from che fuel primarily by di f fus ion, so, as
theory ind icates , Che fraccional amount of
radioactive species i s smaller than that of the
stables by a factor dependent on the h a l f - l i f e
(the shorter the half l i f e the smaller the
release).

i i ) Release due to the temperature rise during the
accident. Again, diffusion processes govern che
rate at which gas atoms escape to surfaces from
within the UO2 grains. However, the more
important aspect of che thermal transient i s
release of some of che f ission products chat
have been trapped along grain boundaries in che
CJO2 during normal operation, perhaps by
additional fuel cracking.

i l l ) Release due to UÔ  oxidation. Recent work
reporced at chis conference (7) , has indicated
that oxidation of UO2 In air can be quite
rapid, especially near 500°C, hut chat release
of fission products during oxidation is
dependent on the morphology of oxidation. Thus
a 'front' of l^Og, growing as elongated



grains into U02, is postulated to release 100%
of the noble gases from the transformed
material, but oxidation to U409 or U30g

at lower temperatures without grain growth
releases a much smaller tractiwi. C»««s?«m4in«
work in steam atmospheres is required and is
underway.

iv) Release due to Zr-UO2 reactions. At
temperatures of approximately 1700 kelvin and
above, surface reactions can form a liquid
Zr-U-0 material (8). It is probable that this
reaction will release fission products, and the
phenomenon is being studied in laboratories
around the world. Since the zirconium-U02
ratio for a CANDU is considerably less Chan for
a PWR, the phenomenon, although significant, may
not have as great an impact as for other reaccor
systems.

The first and to some extent the second of these
phenomena have been studied in a series of in-reactor
•sweep gas' tests chat are described in another paper
at this conference (9). This work has demonstrated
that Iodines, although xe\**»«* *»» "*ft TO^, M I
retained within the fuel element, unless water
(liquid) enters chrough a defecc. Furthermore, the
releases of radioactive species, while governed by
diffusion processes, are, as expected, critically
dependent on Che size of che cracked U02 fragments.
Therefore chermal shock and crack healing are
imporcant factors co be considered. The introduction
of small amounts of water vapour gave unexpected
results; while the release rate of noble gases
increased by a factor of two, that of the iodines
increased by abouc a faccor of five.

There is considerable effort going into deriving a
comprehensive computer model for radioactive fission
product release. Two such studies will be discussed
later in this conference (10,11). However, it is
apparent that we now have sufficient knowledge of the
dominant physical processes to write such a ..ode -
what remains is to do so, to compare it co the data
•oase, ana to writ? XJNM. •** *«««• *"»• «**• cowered, all
significant processes.

Single-element models, describing the "low
temperature" mechanical behaviour of CANDU fuel
elements have been developed (2) and verified against
experiment. However, fuel element performance inter-
acts significantly with coolant thermalhydraulics.
For example, diametral expansion of the fuel elements
can restrict coolant flow co a point where Che
reduction in flow in turn causes higher cemperatures
and strains. Additionally, at low flows in a
horizontal channel che coolant can stratify (12),
causing the upper part of the fuel bundle to operate
in dry sceam, wich the remainder being wet. If the
bundle sags or che pressure cube scrains there may
also be some bypass flow. To address these problems
and co model the performance (particularly the tining
of failure and fission product release) of a complete
fuel channel, che computer code CANSIM has been
wivten {\.Vi. <SNHNML ?*tt<woanee. at hi?Ji tempera-
tures (severe fuel damage accidents) is addressed by
a code CHAN, which will be discussed later.

CANSIM uses as constituent submodels che fuel
elemenc codei ELESIM (14) to set up conditions
resulcing from normal operation before the accidenc,

ELOCA (2) to describe che accidenc, and COBRA (15) to
simulace che subchannel thermalhydraulics. As inpuc
che code uses che inlec and ouclec header condicions
derived from code calculacions of che performance of
the wnole reactot tote. CMSSW. *toua pcQaiae as a
more decailed and credible cool than che procedure we
have employed Co dace. However, there remains a
considerable amount of testing and verification.

Part of chis testing and verification must come
from in-ceactor fuel tests. Therefore, an excensive
program has been carried out at CRNL, described later
at this conference (16), to build up che experclse
and to stare on the verification cesting. At che
same time, Ontario Hydro and AECL commissioned a LOCA
test of four CANDU fuel elements in the PBF reactor
ac Idaho Falls (17). Both the CRNL and PBF tests
have yielded data that confirm that under low
temperature accident condicions, our single elemenc
codes do a good job (18).

Before turning to the severe fuel damage regime,
it would be appropriate to summarize the current
3tate of understanding for the low-ceraperacure LOCA
behaviour. Some Tto&HontxA, tox exam.aU the effect of
inter-element contact and hence restraint on sheath
failure, and the effect of steam oxidation on fission
product release, require more work. Modelling codes
are for the most part satisfactory, with work
continuing on radioactive fission product release and
the CANSIM fuel channel code- Verification tests are
always required, particularly in circumstances where
code predictions indicate a condition that could
cause concern.

SEVERE FUEL DAMAGE ACCIDENTS

Under high temperature conditions (sheath
temperatures above about 1S00 K), Zircaloy-steam
reactions are rapid and exothermic, so Cemperatures
may "run away" and if so, sheath failure is almost
inevitable. In addicion co Zircaloy oxidation,
reaction between the UOj and the Zircaloy sheath
•may iwtn » l w mltiaft fatat U-Q-Zr alloy. This
alloy can relocate and 'wet' adjacent elements,
thereby blocking off coolant passages, and might
conceivably affect heat transfer and pressure cube
heatup.

Prediction of the consequences of severe fuel
damage accidents centers around whether or not che
pressure Cube/calandria cube assembly fails. Large
fission product releases are expecced from che
channel and allowed for in che system design. Fuel
geometry changes have an important effect in severe
fuel damage accidents. If steam flow is restricted,
heat generation due Co the B2°-Zr reaction may be
reduced. On the other hand, cooling would also be
reduced, so these are competing effects. Since at
these very high temperatures the sheach has little
structural strength, conventional stress analysis to
determine sheath failure is inappropriate. Instead,
chemical reaction rate processes dominate; reaction
•at t'p* fcUtilav akvattb. with, steam, or with the UO^,
then reaction of che U02 or the U-Zr-0 phase with
further steam or possibly air, and also che release
and transport of fission products. The hydrogen
produced during the steam-Zircaloy reaction modifies
the steam properties and che reaccion rates, as well
as being important in studies of possible combustion
in che containment.



Attempts have been made (19) to investigate the
high temperature behaviour of a CANDU bundle by
exposing it to a 2000°C oxygen-hydrogen torch. The
bundle, though almost completely oxidized, maintained
its original geometry remarkably well. Irradiated
fuel elements might be expected to balloon, or,
because of the cracked nature of the UO2 pellets,
might show more mechanical damage, but the formation
of molten Zircaloy or U-Zr-0 alloy wetting the pellet
surface, and a skin of ZrO2 on the outside, appears
to hold the bundle in a recognizable geometry.

The reaction of the UO2 with Zircaloy has been
studied ac WNRE (8,20) as well as abroad; the
significant differences between CANDU and PWR fuel
lie in the CANLOB-graphite layer which prevents
reaction below about 1200°C (though not at higher
temperatures), and in the smaller ratio of Zircaloy
to U02 in CANDU fuel, which greatly reduces the
amount of molten alloy produced. The alloy appears
to "wet" U02 surfaces, so in general does not flow
very easily, reducing the possibility of significant
effect on the pressure tube. It also flows into
cracks in the fuel, tending to 'glue' pellet
fragments together. One phenomenon identified at
WNRE is that of UC^-Zircaloy reaction leading to
fuel powdering. At high temperatures the UO2 is
reduced to Uf^-^; as this cools, metallic
uranium is precipitated at grain boundaries. If the
sheath then defects allowing access of steam, the
uranium metal oxidizes and the volume changes cause
the U02 to fragment to powder. The weight fraction
produced is quite small, but this process (or that of
liquefaction or grain boundary attack by liquid
phase) could release fission products from the
inventory retained on the boundaries.

Modelling the course of severe damage accidents
has been the subject of considerable work in the US,
following the TMI accident. The emphasis tends to be
rather different for PWR'3 than for CANDU'3. In the
PWR, molten material (the product of Zircaloy melting
or the Zircaloy-U02 reaction) and the rubble from
failed fuel rods can fall to the bottom of the core,
overheat and fail Che lower support plate. Because
the CANDU maintains 3uch a large heat sink in the
form of the moderator, we are more concerned with
integrity of che individual fuel channel than with
the agglomeration of the entire core. Thus CANDU
codes such as CHAN (21) have concentrated on heat
generation within the channel (metal-water reaction),
heat loss by coolant flow and by conduction from the
pressure tube through the calandria tube to the
moderator, and the heat transfer froa the fuel Co the
pressure tube (fuel geometry). Even so, many
individual processes («.g. IX^-Zircaloy reaction,
fission product release) are of conton concern, and
participation in the USNRC sponsored severe fuel
damage program has been beneficial. However, because
of the differences between CANDU and the US designs,
it still is necessary to have facilities to research
and tesc fuel performance under realistic condition*.
It is for this reason that we have decided to build
the Blowdown Test Facility (BTF) in the NRU reactor.

BTF is designed to test fuel in blowdown acci-
dent*, handling the release of all the radioactive
fission products from one fuel element, and permit-
ting testing up to temperatures approaching 2000*C.
It is a vertical loop (Figure 2), consisting of a
re-entrant test section supplied from the bottom with

BLOWDOWW TEST FACIUTY IBTF)
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FIGURE 2 : BLOWDOWN TEST FACILITY (BTF) IN THE
NRU REACTOR

water or steam from the existing tJ-1 loop. Blowdown
is initiated by valving off the coolant and allowing
the contents of the test section to escape into a
dump *.ank. As the coolant passes through the blow-
down line it is monitored for radioactivity using
fast gamma spectrometers. Grab samples can also be
taken for subsequent analysis. Revet utter is
supplied from hydraulic accumulators. There is
provision to maintain a small steam or argon flow
through the test section after the LOCA, to simulate
alow-heatup incidents and to continue sweeping
released fission products past the spectrometers.

The BTF test program, due to start early in 1986,
will provide information on the damage to CANDU fuel
during high temperature accidents. Particular
emphasis will be placed on measuring the fission
product release, deposition and movement through che
system, and on post-accident decontamination - a
subject of interest to a utility. The BTF facility
will be one of only 2 or 3 in the world, with the
unique advantage of being able to study close-to-full
length LWR fuel elements, so we anticipate the
possibility of International shared-cost programs.

However, the problem we have to address is that
all our in-reactor accident tests are vertical,
whereas che reactor channel ws must apply the
analysis Co is horizontal. It would be extremely
expensive to build a horizontal test loop, but
fortunately it isn't necessary. Gravity Is not a
strong force compared to the bending stresses
generated in the fuel and pressure tube by thermal



gradients. The main effect of gravity will be
encourage coolant separation at very low flows, with
the top part of the bundle in steam and the rest in
water; this can be, and is being, studied and
modelled in the laboratory in horizontal rigs. Sag
of the pressure tube and or fuel elements Is being
simulated by electrically heated rather than nuclear
tests. The unique features of the in-reactor testing
chat cannot be adequately simulated in the laboratory
are the temperature gradi&nts, and the fission pro-
duct releases. A judicious mix of experiments using
electrically heated elements and computer simulations
will, we think, give an adequate understanding of the
temperature distributions in an accident; use of
these temperatures as input to a verified code yields
predictions of failures and fission product release.
It seems unlikely that we can encounter a signifi-
cant, unsuspected phenomena that would only have
become apparent if we had performed horizontal fuel
tests in-reactor.

SUMMARY

A detailed understanding of the physical phenomena
chat control the course of a LOC& is being developed
and Incorporated into computer codes for use in
assessing the consequences of any hypothetical
incident in a power reactor.

The current understanding is generally
substantiating assumptions made in past studies on
CANDU reactors, but the more substantial data base
and better understanding is reducing the margin that
has had to be allowed because of uncertainty. Work
remains to be done, primarily in modelling fission
product release, and in fuel testing and code
development in the severe fuel damage regime, but
programs in these areas are currently under way.
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FAILURE CRITERIA FOR ZIRCALOY-SHEATHED FUEL ELEMENTS UNDER LOCA CONDITIONS
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ABSTRACT

During a loss-of-coolant accident (LOCA), several
factors can have a significant affect on the
performance (sheath deformation and failure) of
CANDU* fuel:

1. the amount of Zircaloy oxidation,

2. the variety of metallurgical structures of
differing mechanical properties, ranging from
as-received to beta-annealed Zircaloy, that exist
on the fuel sheath,

3. attachment of spacer and bearing pads onto the
sheath by a beryllium-braze process,

4. circumferential temperature gradients, and

5. the amount of stored energy deposited into the
fuel.

New fuel element failure criteria are proposed
which are based on the above physical processes. A
comprehensive database of over 200 laboratory tests
on empty Zircaloy fuel sheaths and six in-reactor
tests on CANDU-type fuel elements has been assembled
for the purpose of assessing these failure criteria.
Comparisons are presented between the simple "5%
sheath strain to failure" criterion, which has been
used in safety analysis for CANDU reactor licencing
requirements, and the physically based failure
criteria.

INTRODUCTION

During irradiation, fission gas is released from
the fuel and diffuses Co the open voidage within the
fuel element. For CANDU fuel, a Zircaloy sheath
offers an effective barrier to this gas from entering
the primary heat transport system of the reactor
during steady-state operation. However, during a
loss-of-coolant accident (LOCA), when fuel element
temperatures may increase significantly above normal
conditions, loss of sheath integrity may result.

Physically based failure criteria are proposed for
Zircaloy-sheach fuel elements under LOCA conditions.
Comparisons between the simple "57. sheath strain"
criterion and these new criteria will be presented.

THE DATABASE

Over 200 laboratory tests on Zircaloy fuel sheaths
(15.24 mm diameter, 0.44 mm wall thickness, up to
0.5 m long) and six in-reactor tests on CANDU-type
fuel elements have been assembled Into a database for

* CANadian Deuterium Uranium

Che purpose of assessing the fuel element failure
criteria. It contains a wide variety of testing
conditions including:

i) three environments - Inert gas/vacuum (1,2),
steam (1) and in-reactor LOCA conditions (3,4),

ii) circumferential temperature gradients on the
fuel sheath (2),

iii) a beryllium-braze alloy on the fuel sheath,
which is unique to CANDU fuel design, and

iv) temperature heatup or isothermal conditions.

ANALYSIS

The computer code ELOCA was used during the
analysis of the in-reactor data (5,6). This code
simultaneously considers Che variations and inter-
actions between thermal and mechanical properties of
the U02 fuel and the Zircaloy sheath of a CANDU
fuel element during an arbitrary transient. It was
specifically designed to analyze in-reactor fuel
performance when sheath teaperatures increase above
normal operation up to ;:bouc 1500 ... ELOCA uses a
one-dimensional (radial) representation of the fuel
sheath. It assumes the fuel sheath behaves as a
thin-wall membrane (no bending or shear stresses
considered). The code also contains a comprehensive
model for the effect of Zircaloy oxidation on sheath
deformation and failure. Phenomena explicitly
represented are the following:

i) oxidation kinetics based on parabolic rate
equations,

ii) the development of stresses in the Zircaloy
during the formation of the zirconia (2rO2),

iii) the change in mechanical properties of Zircaloy
during oxidation,

iv) Zrf>2 crack initiation and propagation and its
effect on local Increases in sheath stresses and
strains, and

v) the contribution of ZrO2 cracks to circum-
ferential sheath strains.

To analyze the laboratory data, the failure
criteria were coupled with the NIRVANA model (7).
This code also represents the Zircaloy sheath as a
thin-walled membrane and assumes the micro-structural
and mechanical properties of Zircaloy are chose for
non-oxidizing environments under temperature
transient conditions (8). It uses a one-dimensional
(radial) representation of the fuel sheath. Analysis
of chose Zircaloy sheaths tested with circumferential
temperature gradients was accomplished by expanding



NIRVANA into a two-dimensional (radial, circum-
ferential) representation of the sheath. This
modified version simulated the effect of circumfer-
ential variation in wall thickness, aacerial
properties and temperature on the deformation of
Zircaloy under LOCA conditions. Some of the labora-
tory data were obtained under steam environments.
The oxidation model from ELOCA was integrated into
the NIRVANA code for the analysis of this data; only
the one-dimensional model was modified.

Fuel Element Failure Criteria

Application of the "52 sheath strain to failure"
criterion to the NIRVANA code (7,8), not accounting
for the effects of oxidation on Zircaloy deformation,
is shown in Figure 1 to result in shorter predicted
times to failure than those measured in laboratory
tests for most conditions. Measured rupture times
were significantly greater than those calculated
whenever zirconia layers on the fuel sheaths were
above 6 um. This was observed for both temperature
ramp and isothermal conditions. Increased Zircaloy
oxidation has a limiting effect on sheath deformation
and a prolonged effecx on the time to failure; the
race of oxidation becomes significant above about
1225 K (1).

*•* IHSATH STRAIN TQ

UIAIIMW rim TO FAILUM <•>

FIGURE 1: Comparisons between measure rupture times
and those calculated by NIRVANA "hich
assume Zircaloy properties art not
influenced by the effects of oxidation.
The calculated times were based on the "52
sheath strain" failure criterion.

Rupture times were also found to be significan ly
greater than those calculated when circumferential
temperature gradients on the fuel sheaths were above
about 60 K. Figure 2 is a plot of the ratio of
raeasured-to-calculated rupture time versus the tem-
perature gradient on the sheath. The ratio is shown
to Increase monotonicaliy from about unity when
gradients are low (<10 K) to above 1.20 for rela-
tively high gradients (160 K). The measurements
consistently exceed calculations by more than 52 when
the temperature gradients were above 60 K. The
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gradients on the time-to-failure
calculations which were based on a "52
sheath strain" failure criterion.

absolute difference betveen measured and calculated
rupture times Increased with decreasing beating
rates, yet their relative differences appear
independent of heating rate (Figure 2).

The "52 sheath strain" criterion correctly
predicted that only one of the six fuel elements from
the in-reactor LOCA tests would fail during their
high temperature (up to 1300 K) iransients. The
calculated time to failure was 58 seconds into the
transient compared £0 a measurement of about 102
seconds (4),

New detailed criteria for fuel failure, based on
different physical processes, have been developed
(Table 1) and will be shown to provide improved
agreement between calculated and measured burse
parameters especially for average sheath strain at
failure.

TABLE 1: FUEL ELEMENT FAILURE CRITERIA

Physical Process Failure Criteria

Failure by localized
over-strain
Large sheath strains

Athermal sheath
over-strain

High sheath creep-
rates

High fuel enthalpy

Beryllium-braze
assisted cracking
of the Zircaloy

Oxygen embrittlement
of the sheath

Strains above 152

Strain above 0.42 and
recrystallized Zircaloy
phase fraction less than
95?

Strain rates above 103 %
per second anj alpha-phase
Zircaloy fraction of 100%

Stored energy above
838 J/g and contact
between fuel and sheath

Probability of crack
penentration at or above
1002

Oxygen concentration more
than 45 kg/or over at
least half the sheath's
wall thickntJ*
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Failure by Localized Over-strain

Laboratory experiments (1) have illustrated that
-he maximum strain of a failed fuel sheath, tested in
steam, i •• a non-linear function of temperature and
heating rate (Figure 3). The lines shown in this
figure are average conditions through data of burst
strain versus burst temperature for Zircaloy sheaths
pressurized up to 12.41 MPa and at heating rates up
to 100 K/s. By decreasing the pressure, higher
temperatures were attained prior to failure. The
burst strain versus burst temperature plot is
typically "M" shaped with minima corresponding to
three metallurgical structures of Zircaloy:
partially recrystallized a-phase, mixed (a + 8)
phase, and oxidized 6-phase Zircaloy. Failure
criteria are proposed for localized over-strain in
the sheath which are related to the regions of these
strain/temperature "burst curves":

1. A local sheath over-strain (above 152 strain)
criterion is proposed to indicate failure due to
large average sheath strains ("ballooning"
phenomenon) or due to large local sheath strains
at tips of ZrC>2 cracks (which can result in
small average sheath strains).

2. An athermal over-strain criterion is proposed to
indicate failure through yielding of mostly
unrecrystallized alpha-phase Zircaloy.

3. A high sheath strain-rate criterion is proposed
to indicate failure at intermediate burst strain
levels such as in the alpha-phase temperature
regime (<1093 K).

Each of these criterion is discussed in more
detail below,

1. Local Sheath Over-strain Criterion

It can be shown that any large sheath strain or
burst stress criterion can be used to predict the
temperature or time at failure. This is illustrated
in Table 2 in which three current criteria are
compared:

i) Erbacher et al.'s burst stress criterion (9),
ii) Varty and Rosinger's burst stress

criterion (10), and
iii) large sheath strain criteria of 602 generalized

true strain; a negligible variation in calcu-
lated burst temperatures was obtained when the
large strain criterion was varied from 50 to
1002.

The lack of sensitivity of temperature at failure co
the criteria is attributed to the rapid kinetics of
sheath deformation following the onset of non-uniform
straining which limits changes in temperature by a
negligible amount. Calculations based on the "5!!
strain to failure" criterion are shown in Table 2 to
be lower than those based on either a large stress or
large strain failure criterion.

The "large strain" (605!) failure criterion was
tested against laboratory, constant pressure and
constant heating rate tests on Zircaloy fuel sheaths
in a steam environment (1). This database consists
of tests performed at different internal pressures
from 0.34 co 12.41 MPa and at heating rates of 5, 25
and 100 K/s. Good agreement between measured and
predicted burst temperatures was found using the
large strain criterion. Comparisons are shown in
Figure 4 for fuel sheaths heated at 5 K/s.

i I r

-j

I I
TEMPERATURE,K

FIGURE 3: The effect of heating rate and temperature
on the rupture strain of pressurized
Zircaloy fuel sheaths tested in steam (1).

TABLE 2: PREDICTED TEMPERATURE AT BURST USING
FAILURE CRITERIA IN NIRVANA (14, 15)
Heating Rate - 25 K/s

Internal
Gas

Pressure
(MPa)

13.79
11.03
8.03
7.06
5.65
4.52
3.62
2.89
2.31
1.85
1.48
1.19
0.95
0.61
0.49
0.39
0.31

Erbacher
(9)

917.7
950.3
980.7
1011.1
1043.9
1079.9
1119.1
U54.5
1181.6
1203.5
1220.3
1235.2
1251.7
1303.5
1351.9
1420.9
-

Burst Temperature (K)

Varty and
Rosinger

(10)

925.9
951.5
981.6
1011.4
1044.0
1080.0
1119.1
1154.3
1180.9
1203.2
1220.2
1235.0
1251.5
1303.3
1351.7
1420.7
1509.8

602
Sheath
Strain

928.2
953.5
981.4
1011.0
1043.6
1079.6
1118.8
1154.5
1181.0
1203.4
1220.3
1235.1
1249.4
1302.8
1350.6
1419.3
1508.0

5%
Sheath
Strain

894
930
970
985
1011
1044
1080
1121
1149
1175
1199
1221
1247
1275
1291
1324
1381

The agreement between measured and calculated
sheath strains, when calculations are based on the
"53! sheath strain" failure criterion, will be poor by
the limiting nature of the criterion. Average
strains can be significantly higher than 52 prior to
failure for sheath temperatures below 1223 K. Also,
localized sheath strains under ZrOj cracks have
been calculated to exceed 52 prior to failure (above
1223 K). Comparisons are shown in Figure 5 between
measured (2) and calculated maximum circumferential
(average) sheath strains where the calculations are
based on either a 52 or a large (902) sheath strain
failure criterion.

A "152 local sheath strain" failure criterion is
recommended, in conjunction with the other physically
based criteria given in Table 1, during analysis of
fuel performance under LOCA conditions. The geometry
of a CANDU fuel bundle only permits maximum sheath
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diametral strains of 15% before any two fuel elements
come into contact. Predicted burst teraperacures for
Zircaloy sheaths temperature ramped under constant
pressures (1,2) were reduced by less than 12 for most
cases where a "15Z sheath strain" failure criterion
was used in the sheath strain models compared to
predictions based on a 50 to 90% strain criterion.
The latter criterion has been shown to provide good
agreement with the data. The reduction in
predictions based on the lower 15% strain criterion
is considered to be insignificant.

HEPTING RQTE*SK'S

MEOS. TEMP.,K

FIGURE 4: Comparison between measured rupture
temperatures and those calculated based on
a "large strain" failure criterion for
tests on pressurized Zircaloy fuel sheaths
temperature ramped in steam.

CALCULATED AVERAGE BURST SHEATH STRAIN !•/.]

FIGURE 5: Comparison between measured burst sheath
strains and those calculated when based on
either a 5% or 90% local sheath strain
failure criterion. Data from pressurized
Zircaloy sheaths ramped (1, 5, 25 K/s) to
temperatures below 1200 K, with
circumferential gradients up to 120 K.

Athermal Over-strain Criterion

At low temperature and high stress, cold-worked
Zircaloy tubes have a large strain-rate sensitivity
with a snail tawpeicatuTe depe™i«ie.y (acheraal. yieLdi
and display a very low ductility (0.3-0.5%). It is
postulated that a "5% average sheath strain" failure
criterion would over-estimate the time of rupture for
fuel 3heaths that would fail by an athermal
over-strain mechanism.

High Sheath Creep Rate Criterion

The intended use of this criterion is for
conditions leading to high sheath creep rates where
the 'Local Sheath Over-Strain' criterion is r.ot
effective (in particular, for failure of fully
recrystallized alpha Zircaloy).

Figure 6 illustrates data of maximum engineering
sheath strain versus temperature at the time of
failure for tubes heated at 5 K/s and at constant
pressure in a steam atmosphere. For comparison,
predicted burst attai-as and temperat.ace.s> based act a
high sheath strain rate (e) criterion of i > 10 s"1,
are also plotted on this figure. Predictions,
obtained by inserting the failure criterion into the
sheath strain model NIRVANA, are in good agreement
with measurements.
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Fuel Element Failure by Bigh OO2 Energy
Deposition

In the event of a large break LOCA, voiding of the
coolant from the pressure tubes of a CANDU reactor
would increase the reactivity of the system. This
would lead to a short-duration power pulse in the
fuel in which element powers are expected to Increase
by about a factor of two prior to termination of the
reactivity excursion by reactor shutdown systems.
Coincident with the power pulse will be significant
increases in both the stored energy and the
temperature of the fuel element. Subsequent thermal
expansion of the U02 fuel leads to hard contact
with the sheath and, for sufficiently high energy
depositions, fuel sheath failure in possible.

A limit of 200 cal/g UQ2 (838 kJ/kg U02)
radial average, total energy deposition for CANDU
fuel breakup during a LOCA has been recommended as a
reasonable failure criterion (11).

Beryllium Braze Assisted Cracking of the Fuel
Sheath

CANDCT fuel bundles consist of up to 37 short
(0.5 m) Zircaloy-sheathed, U02 fuel elements
(Figure 7). Spacing is achieved by the presence of
small Zircaloy appendages. These appendages are
brazed onto the fuel sheaths with a beryllium-braze
alloy. E. Kohn and W,R. Clendening have analyzed
data for beryllium-braze assisted cracking of
Zircaloy under inert gas environments and have
developed an empirical relation for rupture time as a
function of Che applied hoop stress and temperature
(12). They found that sheath failure by this mode
results after:

i) an incubation period,
ii) a period of slow stable braze penetration and/or

crack growth, and
iii) a rapid growth of penetration.

<P

FIGURE 7:

I. ZIICALOY STItUCTUIt*' END PLATE
3. ZIUCAIOY END CAP
3. ZIUCAIOY ICAIING PADS
4. URANIUM DIOXIDE PELLETS
J. ziicALOr Fuel SHEATH
4. zincMor SPACERS

A schematic diagram of a CANDU fuel
bundle.

It has been experimentally observed by D. Lira that
the time to sheath rupture by Be-braze penetration Is
increased with Zircaloy oxidation. Figure 8 compares
measured rupture time data of Zircaloy fuel sheaths
Isothermally tested (1273-1373 K) under steam
conditions against predictions by the Kohn and
Clendening model. Predictions are shown to be in
poor agreement with the data.

MEASURED RUPTURE TIME (S) IN BE-BRAZE FAILURES

1 INOICATES THAT THE TUBE 010 NOT RUPTURE

FIGURE 8: Comparison between Lim's measured rupture
time data frcm pressurized Zircaloy fuel
sheaths with Be-btaze appendages
Isothermally <1273-1373 K) tested in steam
and those calculated by the Kohn and
Clendening model for Be-braze assisted
cracking of Zircaloy, which was based on
data in non-oxidizing environments.

To account for the effect of oxidation on rupture
time, a correction factor was applied to the crack
incubation and penetration life fractions defined for
non-oxidizing environments:

Crack Incubation
Life Fraction (f t)

Crack Penetration
Life Fraction (fp)

P Y P Cf£ ) . . . 1

where t is the duration period, dti is the duration
of the itn incremental calculation, I and P are
the incubation and the penetration periods of the
crack, respectively and C(;p) is the correction
factor as a function of the current (predicted) oxide
thickness (Jp) on the sheath:

c < y "
1-0 . if z, < 6.1 um

3.25 5 - 18.8 , if I > 6.1 um
...2
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Improved agreement between measured and calculated
rupture times of Zircaloy sheaths in steam was
obtained (Figure 9 ) . Included in Figure 9 are com-
parisons from Zircaloy sheaths subjected to tempera-
ture ramp (100 K/s) and to transient conditions, both
in a steam atmosphere.

The Be-braze rupture time data were also compared
to calculated times based on the simple "57. sheath
strain" failure criterion. The agreement was found
to be very good for those sheaths with thin ZrO 2
layers (<6 urn), but very poor when layers became
thick. The "57. sheath strain" criterion predicted
that only one of the 12 Zircaloy sheaths from Lim's
isothermal dataset would fail. Although measured
maximum sheath strains ranged from 2.8 to 8.6Z,
calculated sheath strains did not exceed 5 percent.
Post-test ZrO 2 layer thicknesses were estimated to
range from 7 to 43 um.

Three of the in-reactor fuel elements contained
Be-brazed appendages on their fuel sheaths (5). The
ELOCA code, vhich incorporates equations 1-2 into a
statistical model that calculates the probability of
failure by this mechanism, correctly calculated that
Be-braze assisted crackinf? is a potential failure
mechanism for CANDU fuel elements under LOCA
conditions. ELOCA calculated a very high probability
(>99J!) of failure for one of the fuel elements which
failed by high localized sheath strains of 26Z.
Post-test examination of this element identified
Be-braze assisted cracks up to 115 urn deep. However,
none of the fuel elements in the in-reactor test
program actually failed by this mechanism (4).

Attaching bearing and spacer pads onto the fuel
sheath by a Be-braze process has been experimentally
shown to affect sheath deformation in the pad
vicinity, through restraint from the pads, and the
time to failure by Be-brase assisted cracking of the
Zircaloy. The effect of radial restraint was studied
on empty Zircaloy fuel sheaths concentrically placed
within an Inconel shroud tube. The specimens were
internally pressurized and both the specimen and
shroud were heated by direct resistance heating in
flowing steam. Time to failure and sheath
deformation was measured as a function of stress,
temperature and the degree of radial restraint. The
experiments showed little effect of restraint on the
time to rupture by Be-bcaze assisted cracking at
temperatures below the melting point of the braze
alloy (1238 K ) . However fit 1273 K, the effect varied
from negligible at high applied sheath stresses
(above 5.8 MPa) to a factor of about 20 in delay of
rupture time at lower stresses. Sheath deformation
of the restrained sheaths, at 1273 K, developed into
a "rosette" shape in the vicinity of the pads with
about four times larger strain between the pads than
across them. It is postulated that compressive
stresses in the sheath developed during the initial
formation of the rosette ^nd were responsible for the
delay in rupture time by Be-braze assisted cracking.
Analysis of this data and the development of a model
is in progress.

10'

Oxygen Eabrlttlea«nt of

Sawatzky's interim criterion for Zircaloy fuel
sheaths is used to predicc the time to failure by an
oxygen embrittlement mechanism (13). The calculated
oxygen concentration profile in the fuel sheath is
obtained through the Full Range Oxidation Model
(FROM) by Iglesias et al. (!*)

£

I

g -1

10°

STEAM ENVIRONMENT

A TEMPERATURE HEATUP
1100 K/s)

< ISOTHERMAL 11275-1373 Kl

• THERMAL TRANSIENT

PREDICTED RUPTURE TINE BASED ON AOJUSTEDJ
•LIFE FRACTIONS' OF THE INCUBATION ANO PENC-I
TRATiON PERIODS OF BE-BRAZE CRACK PENE- j
TRATION DUE TO THE EFFECTS OF SHEATH I
0XOATI0N 1

MEASURED RUPTURE TIME (s) IN BE-BRAZE FAILURES

— INOCATES THAT THE TUBE OB NOT RUPTURE

FIGURE 9: Comparison of measured rupture time data
from Zircaloy fuel sheaths ruptured in
steam and those calculated by Kohn and
Clendening's Be-braze assisted cracking
model, corrected for the effects of
oxidation (equations 1-2).

Application of the Detailed Failure Criteria

It is intended that these new failure criteria be
used in a parallel mode within any fuel performance
computer code for high temperature (600-1500 K),
transient fuel behaviour (e.g. ELOCA). In this way,
each criterion would be "monitored" during the
transient. Automatic selection of the appropriate
criterion would provide insight towards the likely
fuel failure mechanism associated with a particular
transient.

CONCLUSIONS

New failure criteria for Zircaloy-sheath fuel
elements under LOCA conditions have been proposed
(Table 1). They are based on physical processes
affecting sheath deformation and failure.

A large database of over 200 laboratory tests on
empty Zircaloy fuel sheaths, encompassing a wide
range of testing conditions, and six in-reactor tests
on CANDU-type fuel elements under LOCA conditions has
been assembled for the purpose of assessing the
failure criteria.

Good agreement was found between measured failure
parameters (time to failure and sheath strain) and
those calculated when based on the new failure
criteria.

Comparisons between predictions based on the new
criteria and the simple "52 sheath strain to failure"
criterion, which has been previously used in safety
analysis of CANDU fuel, have shown that the new
criteria provided better agreement with time to
failure and maximum sheath strain data for most
cases.
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ABSTRACT

Two in-reaecor LOCA tests have been completed at
Chalk River Nuclear Laboratories (CRNL) as part of a
program to provide a well-characterized database
against which transient fuel behaviour codes can be
assessed. Maximum fuel sheath heat-up rates were
80°C/s to a maximum temperature of 971°C. Fuel
heat-up rates were in the range of 10 to 50°C/s to a
maximum central fuel temperature of about ?250°C.
The tests were terminated with a cold water quench.
On-line measurements, post-test strain measurements,
and metallographic analyses are reported. Maximum
sheath strains were Ie9s than 5Z and the fuel
elements survived the LOCA transients without
failure.

INTRODUCTION

Transient fuel performance codes such as
ELOCA (1), which are capable of predicting the amount
of sheath deformation, the occurrence and timing of
fuel sheath rupture, and the inventory of short-lived
fission products in the fuel/sheath gap at rupture,
can be used to assess the development and conse-
quences of fuel damage resulting from hypothetical
reactor accidents. A program of integral in-reaccor
tests is in progress at Chalk River to provide a
database for verification of such transient fuel
performance codes (2) and demonstrate Chat the
significant fuel behaviour phenomena have all been
Included in the models. This paper describes two of
the in-reactor LOCA tests performed for verification
of ELOCA sheath deformation predictions at sheath
temperatures up to about 1000°C.

A comparison between ELOCA code predictions and
the measured results for both of these tests has been
completed and is presented separately (3).

FUEL DESIGN AKD TEST PARAMETERS

Both tests were performed with IX>2 fuel clad in
2C mm diameter by 0.8 ran thick Zircaloy-4 sheaths.
In order to demonstrate that irradiation has
negligible effect on high temperature sheath strain,
one element (FIO-130) was pre-irradlated to 35
MW.h/kg U while Che other test element (FIO-131) was
unirradiated. Both elements contained laser-welded
appendages to minimize the variation in Zircaloy
microstructure and mechanical properties along the
sheaths which would occur at braze heat affected
zones. Other element details are shown in Table 1
along with corresponding data for 37 element CANDU
fuel for comparison.

TABLE

Test Designation

UO2 Fuel
Diameter (mm)
Length (mm)
Enrichment
(wt% U-235)

Fuel Sheath
Materials
Diameter (mm)
Thickness (mm)
Appendages

Element
Internal volume

1: FUEL ELEMENT

FIO-130, 131

18
462
1.38

Ziicaloy
20
0.8

Laser welded

(mL) 5-8

DETAILS

CANDU Fuel

12
480
0.7

Zircalov
13
0.4

Brazed

2

Both element assemblies were instrumented to
measure fuel, sheath and coolant temperatures and
internal element and coolant pressures during the
entire irradiation. The fuel centreline and three
fuel periphery thermocouples were located in the
UO2 pellet at the axial midplane of the elements.
Six Zircaloy-clad sheath thermocouples were laser-
welded to the fuel sheaths in pairs 180° apart at
top, bottom and midplane locations. A short
capillary line connected the element internal volume
to an eddy current pressure transducer. Capillary
line and fuel thermocouple penetrations were laser-
welded to the composite stainless-steel/Zircaloy top
end cap.

One of the FIO-131 sheath thermocouples failed
prior to the transient and another failed during the
rewet quench. In the FIo-130 assembly, the central
fuel thermocouple and four of the sheath thermo-
couples had failed during the four month pre-
irradiation prior to the transient. One of the
remaining two sheath thermocouples failed during the
transient after reaching maximum temperatures.

Because the primary test objectives were co
provide code verification data rather than to
determine prototypic fuel behaviour, several of the
fuel design parameters were selected for experimental
convenience. The larger fuel diameter In the ;est
elements permicced the use of both fuel peripheral
and fuel centreline thermocouples, and the thicker
fuel sheaths permitted the use of semi-buried sheath
thermocouples. The larger fuel diameter and con-
nections to pressure transducers also resulted In a
larger Internal volume than exists In standard CANDU
fuel. However, all of these differences are able to
be accounted for by the fuel performance codes.



The internal pressure ot* the FIO-131 element was
artificially set, while operating in-situ just prior
to the transient, to 8 MPa in order to simulate the
amount of fission gas pressure expected in high
burnup CANDU fuel. The internal pressure of the
FIO-130 element had been established by the as-
fabricated cold filling £as volume and by the period
of pre-irradiation at 55 kW/m, and was lower than
intended. Other pre-transient test parameters are
shown in Table 2.

The in-reactor transient tests were performed in
the X-2 loop of the NRX reactor at Chalk River (4).
The high temperature transients were produced by
isolating the test section from the loop coolant

TABLE 2: IN-REACTOR TEST PARAMETERS

FIO-130Test Designation

PRE-TE'tNBIENT CONDITIONS

Coolant
Temperature C O
Pressure (MPa)
Flow (kg/s)

Fuel (Mid-element)
Power (kw/m)
Burnup (MW.h/kg U)
Central temperature C O
Peripheral temperature CC)
Sheath temperature C O
Internal pressure (MPa)

LOCA TRANSIENT CONDITIONS

Maximum linear power (kW/m)

Maximum central temperature (°C)

Average max. peripheral t,eap. (°C) 1450

Average max. sheath temp. C O
Top of element
Middle of element
Sotcom of element

Heat-up rate CC/s)
Fuel centre
Fuel periphery
Fuel sheath

Time at temperature 500°C (s)

Differential pressure across
sheath (MPa)

560*

°C/s)

Stored energy (kJ/kg)

Quench rate at rewet (
Fuel centre
Fuel periphery
Fuel sheath

Calculated value at mid-element location.

FIO-131

260-288
9.7
0.8

65
35

1975*
860
300-320

1.5

260-285
9.8
0.9

65
3

1900
785
288-325

8.1

71*

2275*

1450

704

971

47*
31
81

50

0-1.5

71*

2200

L398

689
860
875

10
35
77

25

2-3

600*

14*
53

128

23
25
115

supply while the reactor was at power, and allowing
the coolant to blow down from the top and bottom of
the test section simultaneously through a pre-set
orifice valve into the disposal tank (Figure 1). The
rate of depressurization was controlled by the b.25
mm diameter orifice in the blowdown line. Complete
sheath dryout occurred In these tests within 30
seconds after initiation of blowdown. The magnitude
of temperature rise in the fuel and sheath was
controlled by the amount of fission heat produced
between blowdown initiation and reactor shutdown.
The blowdown transients were terminated automatically
by cold water injection (rewet) at a pre-set test
section pressure. Sheath strains were measured by
post-irradiation profilometry, and the post-test
conditions of fuel and sheath were characterized by
destructive post-irradiation examination (PIE).

FIGURE 1: Blowdown Circuit for X-2 Loop

TEST RESULTS

Fuel and sheath temperatures, together with
reactor power and coolant and internal element
pressures, are shown in Figure 2 for both tests.
Pre-transient values and a summary of conditions
experienced during the transients are presented in
Table 2. Neutronic calculations indicated that
voiding of the test section during blowdown resulted
in a fuel power increase of about 107. to 71 kW/m.

In both tescs, initiation of blowdown resulted in
a rapid coolant depressurization to near saturation
pressure and momentary dryout of the fuel sheath at
all thermocouple locations. Large axial and
azlmuthal temperature gradients and oscillating
temperatures measured by the five operating
thermocouples in FIO-131 indicated that dryout
conditions were not uniform at this time. The sheath
temperatures returned to near saturation values
within a few seconds, probably because of coolant
encrapped in the upper portion of the test assembly.
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FROM START TIME MINUTES FKOM START TIM£

(a) (b)

FIGURE 2; Selected test parameters versus time during the blowdown transients from in-reactor tests
a) FIO-130 afld b) FIO-131.

With the reactor at full power, fuel peripheral
temperatures continued to rise for about 10 seconds
and then decreased slightly until rising again 17
seconds into the transient at rates of about 35°C/s.
This arrest in fuel peripheral temperature increase
is attributed to fuel/sheath mechanical interaction,
and coincides with a rapid temperature rise of the
sheath into scable dryotft conditions. Fuel
temperatures continued to rise until the reactor was
tripped 26 seconds into the transient. At the time
of reactor trip, maximum values of stored energy were
about 600 kJ/kg.

TYie sheath dryout initiated T* S T the botttjm of the
fuel element and propagated upwards until the entire
element was in dryout- Sheath temperatures rose at
about 80°C/s to maximum temperatures of 971°C and
875°C at the bottom thermocouple locations of FIO-130
and 131 respectively, and about 700°C at the top
thermocouple locations.

The FIO-130 fuel sheath remained at elevated
temperature (>500°C) for a longer time (50 s) than
for the FI0-131 element (25 s) because of the lower
test section pressure selected to initiate rewet.
Pressure measurements show that the internal element
pressures exceeded coolant pressure for almo«t the
entire FI0-131 transient, and for the latter portion
of the FIO-130 transient. A positive driving force
for sheath strain therefore existed for most of the
time the sheaths were at high temperature.

The transients were terminated by cold water rewet
vrt\icS\ quenched the fuel stvtath* at sat«s up to about
120°C/s. Fuel quench rates were somewhat slower, in
the range from 25 to 50°C/s. Both fuel elements
survived the transient without experiencing sheath
rupture.

Resulting sheath strains were measured by
post-irradiation profilometry and typical axial
profiles of diametral strain for both tests are shown

in Figure 3 and summarized in Table 3. As expected,
the average strain experienced in the FIO-130 fuel
element, with the lower internal pressure, was much
less than that for FI0-131. The distinct ridges on
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FIGURE 3: Post-transient diametral element profiles

for tests a) FIO-130 and b) FIO-131



TABLE 3: POST-LOCA SHEATH STRAIN

FIO-130
top
bottom

FIO-131
cop
middle
bottom

CANDU Fuel

Temp C O

704
971

690
860
875

875

Maximum

0.75
0.80

1
2.5
4.1

Scrain
Minimum

0.3
0.3

0.7
1.8
3.3

(X)
Predicted

0
0.7

0.2
3.2
4.0

2.0

the sheath at pellet Interface locations on both
elements indicated that strong pellet-sheath
mechanical interaction (PSMI) had occurred. The
arrest in the peripheral fuel temperature rise and
the coincident sharp rise in sheath temperatures as
shown .'n Figure 2 suggests that much of this PSMI
occurrt.' during the early part of the high
temperai.jre transients.

The single element geometry used in these tests
resulted in circumferential temperature variations,
as measured by sheath thermocouples, of less than
35 °C. Circumferential variations in measured strain
were less than 1.5Z, even ac the location of the
thermocouples. The axial variation in average
diametral strain was mote significant, consistent
with the large axial variation in measured sheath
temperature.

Figure 4 shows the ELOCA predictions of internal
gas pressure and sheath strain at the bottom thermo-
couple location during the FIO-131 transient, and the
comparison with measured values. Both the calcula-
tions and measurements show that the Internal element
pressure decreases rapidly once the sheath begins to
strain. For a pre-transienc internal pressure of
8 MPa, the driving force for sheath strain is lost
after about 4.5Z sheath strain and the rate of strain
drops to zero before rewet occurs. This sensitivity
of internal pressure to sheath strain is a conse-
quence of the relatively small internal volume in
these test elements.

•=10-131

FIGURE 4: Comparison of measured Internal pressure
during transient and post-test sheath
strain at the bottom thermocouple location
(875°C) for Fto-131 with values calculated
by ELOCA.

CANDU power re?ctor fuel elements contain an even
smaller Internal volume. Using the ELOCA code to
apply the measured sheath temperature and coolant
pressure transients for the FIO-131 test to a regular
CANDU fuel element, with the same starting internal
gas pressure, therefore resulted in a smaller calcu-
lated sheath strain of about 2% as shown in Table 3.
Further ELOCA calculations showed that even for the
higher temperature transient of the FIO-130 test,
CANDU fuel elements would remain intact for pre-
transient internal pressures up to about 9 MPa.

Metallographic examination of fuel sheath
structures at each plane of thermocouple locations
were consistent with measured temperatures and
generally confirmed the absence of significant
circumferential temperature gradients. However, in
one cross section from the FIO-130 element there was
evidence of a variation in Zircaloy microstructures
at sheath thermocouple locations suggesting that
externally mounted thermocouples may cause local
reductions in sheath temperatures, possibly due to a
fin-cooling effect. At the axial midplane of the
element, recrystallized a-phase Zircaloy was
identified under the thermocouple while transformed
8-Zircaloy was identified within about 5 mm along the
circumference from the thermocouple.

TABLE 4: POST-IRRADIATION METALLOGRAPHIC DATA

FIO-130
top
middle
bottom

FIO-131
top
middle
bottom

TO, Grain

Centre

19
20
69

-
17-25
18-40

Size (um)

Edge_

8
8
7

-
8
8

Oxide

ZrO;

6
6
12

1-2
4
4-8

Thickness (urn)

> a-Zr(O)

8
18

1
1
1-2

Oxide thicknesses on the outside of the sheath
varied along the length of the sheath from about 2 to
8 um on the FIO-131 element and from about 6 to 12 yro
on the hotter FIO-130 element (Table 4), consistent
with the measured axial temperature gradients.
Cracking of the sheath oxide layer was visible in the
high strain region of the FIO-131 element (Figure 5).
Growth of oxide beneath the cracks indicates that
cracking occurred during the high temperature phase
of the transient rather than during the quench.

10 UM

FIGURE 5: Transverse section of fuel gheath from
FIO-131 element near plane of maximum
strain showing cracks in the oxide layer.
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The fuel pellets near the midplane of both
elements showed moderate cracking (Figure 6) but the
fuel fragments were easily removed from the sheath.
The larger spaces between fuel fragments in the
F10-131 element are due to the greater amount of
sheath strain in this element. The results of sieve
analyses (Figure 7) show that the fragment size
distribution was similar for both elements with the
major size fraction between 4 mm and 5.6 mm. This
size distribution is similar to that found in the
CANDU-PBF test (5) and in the third materials
experiment by Pacific Northwest Laboratory - Battelle
Memorial Institute (6). The measured size distribu-
tion was, however, skewed to higher average fragment
sizes compared to data from the FR-2 in-reactor LOCA
experiments at lower power and higher burnups (7).
The tendency towards smaller average fragment sizes
for higher burnup fuel may be due to the weakening
effect from a greater concentration of fission gas
bubbles on the grain boundaries. The largest size
fraction of fuel fragments from the FIO-131 test
contained a number of fuel nodules with rounded
surfaces which contained many high density grains.
These are probably due to inhomogeneities in the
as-fibricated fuel.

UOj FRAGMENT SIZE U1STR1BUT10N. SIEVE ANALYSIS

EXPERIMENT

* EXP-F10-130

• EXP-F1D-I3!
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FIGURE 7: Post-test size distribution of UO2

fragments from FIO-130 and FIO-131 fuel
elements subjected to LOCA transients.

(a) F1O-130 (b) FIO-131
(a) FIO-130

FIGURE 8: Micrographs from transverse sections at
raidplane of a) FIO-130 and b) FIO-131
element showing structure at the fuel
centre.

(a) Mid-radius (b) Centre
FIO-131

FIGURE 6: Transverse sections of fuel near raidplane
of a) FIO-130 and b) FIO-131 elements
showing the degree of macro-cracking.

FIGURE 9: Micrographic showing grain structure at
(a) mid-radius and (b) fuel centre from
the bottom section of the FIO-130
element.



Fuel microstruccures (Figures 8 and 9) showed
significant grain growth an the centre of the
pellets, particularly at the bottom end of the
element where pre-transient power and transient
sheath temperatures were both maximum (Table 4). In
the pre-irradiated FIQ-130 element, well developed
intergranular bubbles existed in the centre portion
of the pellets except at the bottom end where the
grain size was much larger and there was evidence of
cracking along grain boundaries*

The grain boundary fission gas bubbles, some of
which are interconnected, probably result from high
temperature pre-transienc operation. Intersection of
these bubble networks by macro fuel cracks during the
heat-up portion of the transient represents a mecha-
nism for release of stored fission gases, as observed
during several transient sweep gas tests at CENL
(8,9). The finer scale grain boundary separation
represents the possibility for additional release of
stored fission gas inventory and increased surface
area for diffusions! release, but it is not yet clear
whether these cracks occurred on heating or cooling.
Further examination of these phenomena using an
active SEM is underway to help resolve this point and
determine the cause of grain boundary cracks.

CONCLUSIONS

Two in-reactor tests have been conducted at CRNL
to study the thermal and mechanical behaviour of
Zircaloy-sheathed UO2 fuel elements during LOCA
conditions.

Both elements survived the LOCA transient intact.
Maximum sheath temperatures were 875°C and 971°C and
the maximum measured strains were about 42, even
though internal pressures were up to 3 MPa. This
amount of sheath strain was effective in relieving
internal pressure because of the small volume within
:he fuel elements. CANDU power reactor fuel elements
contain an even smaller internal volume. Application
of the measured temperature transients (970°C sheath
temperature for 50 seconds) to a single CANDU
geometry fuel element using the ELOCA code indicates
chat the element would survive intact with starting
internal pressures up to about 9 MPa.

Pellet-sheath mechanical interaction was observed
as distinct ridges in the sheath at pellet interface
locations.

The pre-transienc irradiation of one element did
not produce any significant difference in transient
sheath strain behaviour. The major effect of
pre-irradiation appears to be the presence of
intergranular bubbles in the UO2 structure. Pellet
cracking was only moderate in both fuel elements.
UO2 fragment size distributions were similar for
both elements with the major size fraction between 4
and 5,6 mm.

The CRNL in-reactor test program will continue
using multi-element assemblies of CANDU geometry fuel
elements, in order co extend the code verification
database to higher sheath temperatures.
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Four elements of 37-element CANDU fuel bundle
design wi:re tested under conditions simulative of
the blowdown of a large break lo»s of coolant
accident (LOCA) in a CANDU reactor. The purpose of
the test was to provide in-reactor confirmation of
our current understanding of fuel behaviour under
loss-of-coolant accident blowdown conditions. The
test also provided data for comparison with
predictions made with the steady state and
transient fuel element performance codes ELESIM and
ELOCA. A teat requirement waa to have key
components o£ a LOCA trajMtent, namely, a. large
depressurization rate of the hot coolant, a
simultaneous power increaae before decreasing to
decay values (a power pulse), and real fuel
elements under full power initial conditions. The
teat waa succeasfully completed at the Idaho
National Engineering Laboratory (INEL) in the Power
Burat Facility reactor (PBF). This paper describes
the experimental result* of the teat.

fuel designs. Therefore, an integrated test was
commissioned to confirm the behaviour under LOCA
conditions and to verify the behaviour was as
predicted from single effects teats and the fuel
code ELOCA. The test data would be used as a
further verification of the ELOCA code.

Four vertically oriented fuel elements were
tested in a single blowdown in the Power Burst
Facility (PBF) reactor at Idaho National
Engineering Laboratory. An important advantage of
the PBS1 reactor is its capability to provide a
brief power pulse to the fuel as expected in a
large break LOCA in a CANDU reactor. Each of the
elements was in its own shroud assembly so that
nearly identical conditions were imposed on the
test elements. In this way a direct comparison
between the response of the elements could be mada.
Each element waa designed to test different aspects
of CANDU fuel element behaviour - the effect of
braze zones, the effect of prior irradiation, and
the effect of fission gas versus fill gas.

Eight fuel elements were manufactured cor the
test. Six of the elements were irradiated at Chalk
River Nuclear Laboratories (CRNL) in the NRX
reactor to provide the fission gas release and ruel
structures which would be typical of high power
fuel elements in CANDU reactors. Four of these
elements were selected for the blowdown test in the
PBF reactor. The irradiated elements were
refabricated at INEL to attach instrumentation and
to assemble into the test shrouds. The blowdown
test was completed on Feb. 28, 1984. Post
irradiation examination of the fuel was performed
at INEL. This paper describes the experimental
results of the test.

A comparison between the test results and ELOCA
is the subject of another paper (Raf. 3).

TEST FUEL ELEMENTS

Eight fuel elements were fabricated as near as
possible to the standard ^-element fuel design but
with the features necessary to carry out the test
(Table 1). Unlike the other elements, element BAQ1
haa laser welded appendages. Figure 1 shows the
important characteristics for one of the test
elements. The fuel enrichment was 10% while the
fuel stack langth was 480.2 ma. Standard Graphite
CANLUB was applied to the inner surface of the
3haatha.

INTRODUCTION

The Canadian approach of developing an
understanding of fual behaviour in accident
condition! waa to atart with aingle effecta tests
and move with the underatanding to nor* integrated
testa. Thus we generated data in aingle effects
tests, developed physically baaed nodela to
describe . the behaviour in tranaienta and
incorporated th«a« oodala into integrated fual
codaa such aa ELOCA (Ref.1,2). More integrated
out-reactor taata wera performed with fual element
ainulatora, however the nature of thaee taats could
not fully taat the integrated nodal. The unique
deaign of CANDU fuel alamants was predicted to
reapond to LOCA'a in a different way than other

Tabla 1
Oaaign and Irradiation ol fual alemants lor NRX and PBF
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13.12 mm

—»-IU-1.27 mm

SECTION 'B' - 'B'

CENTRAL
HOLE TO

BOTTOM 13th
PELLET

SPACER PADS

FUEL SHEATH
ZIRCALOY-4

BA-05 has a central hole in the U02 pellets but no centreline
thermocouple. Elements 8A-02 and BA-03 are similar but
contain solid U02 pellets. BA-05 and BA-07 have small lines
which connect to internal pressure transducers. BA-07 contains
a centerline thermocouple. BA-01 had welded spacers in order
to avoid the braze heat affected zone.

Figure 1 Candu PBF test fuel elements

The fuel performance code SLESIM MOD 10 was used
with this history and demonstrated good agreement
between the predicted centreline fuel temperature
and that measured during the test. This is another
confirmation that for CANDU fuel ELESIM MOD 10
(Ref. 4) predicts the fuel temperatures well and
consequently the stored heat in the element. The
gas release plus fill volume predicted for element
3A03 was 8.48 cm3. This element was never opened,
element BA02 was opened at INEL in order to measure
the fission gases. It contained 8.86 cm3 of gas.
This is in good agreement with the ELESIM
predictions.

18 36 54 72 90 108 126 144
BURNUP (MWH/KGU)

Figure 2 BA-05 bumup/power history

The elements were refabricated into the test
assemblies at INEL. External thermocouples were
added to all the elements/ internal pressure
transducers added to BA05 and BA07, and these
fabricated into the shroud assemblies. The shrouds
were zircaloy for the previously irradiated
elements and 3tainless steel for the unirradiated
element in order to closely match the power in the
other elements.

The fuel was irradiated in two trefoil
assemblies in the NRX reactor at CRNL. The
assemblies were located above and below the flux
centerlina of the reactor. The assemblies were
rotated 120° twice during the course of the
irradiation in ordar to minimize the variation in
burnup among the elements in each trefoil. The
power variation between the elements in the
trefoils was significant as the assembly had to be
located close to the periphery of the NRX core.
Rotation of the assembly caused the centreline
temperature difference between two elements (BAQ4
and BA06) to increase from 90 °C to 215°C. This is
equivalent to a power difference about 3 kW/m at
most. Figure 2 shows the power history for BA05
which shows the maximum powar was nur 60 kW/m.

PBF CONDITIONING AND POWER CALIBRATION

The element configuration in the PBF reactor is
shown in Figure 3. The large outer flow tubes
contain the hot pressurized coolant within the PBF
driver core. The reactor provides a higher neutron
flux in the centre of the core. This results in
about 17t more power towards the centre of the
inpile tube. Figure 3 also shows the placement of
the thermocouples around the fuel elements.

Figure 4 shows the arrangement of the element
inside its shroud tube up to the point of the check
valve at the top and the inlet turbine flow mater
at the bottom. Tha check valve at the top is 4 kay
component in this taat because it prevents reverse
flow during tha blowdown. Thus only tha coolant
within tha ahroud assembly is available to cool the
element during tha transient.
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Figure 3 Element and 'est configuration In the
PBF reactor
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Figure 4 Schematic of fuel element and flow shroud

The preconditioning phase oi 16 nour*? at power
in the PBF reactor was designed to build-up fission
product decay heat and to make element power
calibrations based on the coolant enthalpy change
from the inlet to the outlet of each shroud
assembly. This provided measurement of the power
just before the test. The results are shown m
Table 2. We believe these results to be accurate
to 15 kW/m. Physics predictions suggest the
measurements are too low (by 19%) and actual
element powers are higher. However, the burr.up
measurements of element BA07 confirmed (within 1%)
the power estimated for this element. The
centreline thermocouple was reading 1550°c just
before the test which is close to the temperature
estimated by ELESIM (Ref. 3). Thus the results in
Table 2 are confirmed to be reasonable estimates of
the power • Since there is no explanation for any
variation in the powers of the elements we believe
an average power of 55 kW/m to be appropriate for
all of the elements.

Table 2

PBF CANDU power measurements just prior to transient

FUEL ELEMENT
NUMBER

8A-03
BA-05
BA-07

POWER CALCULATED
COOLANT ENTHALPY CHANCE

kW/m

56.0
52.8
57.4

SLOWDOWN TRANSIENT

The PBF loop schematic is shown in Figure 5.
The transient was init iated by opening the
fast-actuating cold leg blowdown valves which
resulted in voiding of the coolant and expulsion
from the test train. Figure 6 shows the
depresaurization trans ient . The rate of
depressurization was controlled by sequencing the
two blowdown valves so that flow goes through the
small and/or large blowdown nozzles.

Figure 5 PBF-LOCA blowdown system illustration
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Figure 6 Oepressurization transient

At the start of blowdown, the computer
controlled power transient provided an increase in
fuel element power up to twice the normal operating
value and then a decrease in power down to decay
values. Figure 7 shows the complete reactor power
transient. The power was increased in the last
SO 3 in order to raise the fuel 3heath temperature
towards the target temperature of 1050°C. Reflood
of the test section was initiated at 100 s.

2 3 4

TIME(s)

Figure 7(a) First 5 s of transient
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Figure 7(b)
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Measured and specified fuel element
power transient during the first 100 s
of the transient

FUEL ELEMENT RESPONSE

Thermal

Table 3 lists the main temperature response
times and temperatures. Figure 8 shows the thermal
response of the elements at the centreline of the
elements (actually +36 mm and 200° orientation).
There were two maxima temperatures in the transient
- the first at about 15 s and the second at 100 s,
just before the quench. All elements exceeded
900"c at some point in the transient. Temperatures
in the lower part of element BA01 exceeded 1000°c.
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"Si
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Figure 8 Measured cladding temperatures at 36-mm
axial elevation and 200° azimuthal orientation
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Time to CHF as measured by the cladding
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The initial period just at the time of blowdown
has some temperature measurement uncertainty. This
is because of the thermocouple fin effect. The
thermocouples strapped to the outside of elements
also provide a much larger heat transfer area to
the coolant. During the initial period of
blowdown, the tendency is for the thermocouples to
remain wet or rewet. The sheath response is not
necessarily the same. Figure 9 shows the measured
cladding elongation as well as the thermocouple
readings. It is clear that the elongation
increases rapidly from 0.5 to 2 second time range.
Consequently we interpret this to mean that some
parts of the sheach reached dryout early in the
transient and likely remained in dryout.
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Figure 9 Measured cladding elongation and cladding
surface temperature, indicating time of CHF
for fuel element BA-07
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Figure 11 Measured system pressure, fuel element
internal pressure, cladding temperature,
and elongation for fuel element BA-05

post Irradiation Examination

The diametral strain measurements are shown in
Figure 12. The average strain for elements BA01,
BA03 and BA07 are all in the about 3 to 4%.
Element BAOS had a maximum strain of 26%. All the
elements with heat affected zones at brazing
locations had a reduced strain section around these
points. There was no evidence of any enhanced
local strains of the 3heath material due to the
brazing process under the test conditions. The
thermocouple attachment locations appeared to have
slightly reduced the diametral strain in some
locations, e.g., element BAOS middle thermocouple.

Elements BAOS and BA07 contained pressure
transducers which indicated pressure transients
much as expected however the absolute pressures
remain to be confirmed. Figures 10 and 11 show the
results. The pressures decreased as the coolant
pressure decreased and the elements strained.
After reflood, the minor pressure transients in the
coolant also appeared in the element pressure of
BAOS indicated the element had failed.

Fission products were detected in the blowdown
tank and in the loop after the transient which
indicated at least one failure of the elements.
The amount of released fission products was about
0.2% of element inventory.

Visual examination revealed that a laser welded
spacer pad on element BA01 was missing. Subsequent
leak testing showed that there was a small failure
at this point. Metallographic examination showed
the likely cause of the defect was a crevice
corrosion under the spacer pad during the NRX
irradiation and a final failure caused by strain
during the transient or in post test handling.
Fission products were leaking from the test
assembly during post test handling in the trench.
It is possible that the element could have been
damaged slightly. This failure is an artifact of
this teat element due to the defective laser weld.
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Figure 10 Measured system pressure, fuel element
internal pressure, cladding temperature,

and element elongation for fuel element BA-07

Element BAOS did not appear to have any defect
until the leak test located a small axial "pinhole"
type failure. The location was at the maximum
strain location.

The other elements remained intact.

Figure 13 shows the mstallographic examination
of the defect in element BA05 which was a very
small ductile failure. The sheath metallurgical
examination confirmed temperatures were in the high
ctf-B/S phase range about 970"c. Some variation
could also be observed around the circumference of
some elements. The fuel structures did not appear
abnormal from the structures expected (Figure 14).

The braze pads were examined to check for any
evidence of beryllium braze penetration failure.
Figure IS shows that small cracks (up to 115 cm
deep) were developing beneath the pads.
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Figure 12 CANOU fuel element diametral strain profiles
after LOCA testing in the Power

Burst Facility reactor

Discussion

During a transient where the sheath temperatures
are about the 1OOO°C, a sheath strain of about 26%
before failure was demonstrated by element 3A05.
It is also significant that the size of the failure
is very small. The strain occurred in the presence
of temperature gradients developed during the
slowdown. Three of the elements easily achieved
strains greater than 4% without failure. The
failure of element BA01 was an experimental
artifact of laser welded spacer pads.

The effect of braze zonas was observed to reduce
the local strain around the heat affacted zones.
This behaviour has bean observed by Sagat (Ref. 5).
Another important point is that if the sheath is
generally heated above 970"c, the structures become
uniform in properties. This indicates that the
strain took place, at least in part, before the
material reached this '-.emperature.

The effect of irradiated sheath and fuel versus
non-irradiated properties should be apparent by
comparing elements BA07 with the other three
elements and particularly BA03. Although the two
elements contained differing gas and void volumes.

element BA01 contained only slightly less gas than
BA07 but also had a 3lightly smaller internal
volume. Thus we would expect their strains to be
similar, other conditions being equal. The lower
temperatures achieved for element BA07 probably
accounts for the slightly lower strains.

Fission products apparently bad no effect as no
evidence of cracking of the inside surface of the
Shaath was found in the matallographic cross
sections.

This tast contained a power pulse which ia
predicted for large break LOCA's in a CANDU
reactor. This transient causes a slight increase
in fuel temperature at the sane time that sheath
dryout and heat up occurs* This is predicted to
cause a large transient Shaath stress increase
during tha first faw seconds following blowdown.
No indication of sheath failure due to this
transient loading was found. Similar but higher
power transients also did not cause failure in tha
OPTRAN tasts (Raf. 6,7). Thus this failure
mechanism is not relevant for LOCA transients
postulated for a CANDU reactor.
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Figure 13 Defect in BA-05 at maximum strain location

FUEL CENTEft C S mm met. ®HE*TM-

Figure 14 Fuel structures in element BA-03 after pre-irradiation to 120 MWh/kgU and tested in PBF

Figure 15 Berryliium braze penetration in the sheath of element BA-05 is visible near the edge of the spacer pad
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CONCLUSIONS

CANDU fuel elements were found to tolerate
moderate sheath strain levels without failure under
LOCA type conditions where the sheath temperatures
reached up to 1000°C. High strains (about 26%)
were required to cause failure which was
characterized as a ama.' 1 pinhole.

For the LOCA test conditions th« sheath was
shown to be stronger in the heat affected zone than
the as received regions.

Failure due to the early power pulse and dryout
did not occur in this LOCA test. Since the power
pulse during CANDU LOCA's is of a similar
magnitude, this sheath failure mechanism is not
relevant.

No significant effect of irradiation on the
sheath or pellets or of fission products on the
sheath was observed in the tests•
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ABSTRACT

Six CANDU* type fuel elements (Zircaloy-sheathed,
UO2 fuel) have been subjected in three in-reactor
experiments to transient conditions similar to a
large break loss-of-coolant accident (LOCA) in a
CANDU reactor to maximum sheath temperatures of about
1273 K. Two of these experiments involved single
fuel elements and were conducted at Chalk River
Nuclear Laboratories in the X-2 loop of the NRX
reactor. The remaining four elements experienced a
single transient in the Power Burst Facility at Idaho
National Engineering Laboratory.

Comparisons are presented between data from these
three experiments and calculations by ELOCA, a
computer code for fuel performance during transient
conditions. Several parameters were considered,
including fuel sheath strain, internal element gas
pressure, the mechanisms and timing of fuel element
failure, fuel centreline temperature, sheath
microstruccure, and thicknesses of zirconia and
oxygen-stabilized alpha-Zr layers on the sheaths.
ELOCA calculations are shown to be in good agreement
with the data.

Some of the work described here was jointly funded
by Atomic Energy of Canada Limited and Ontario Hydro,
a Canadian utility, through the co-operative research
and development program, CANDEV.

INTRODUCTION

One of the objectives of the AECL fuel program is
to understand the thermal and mechanical response of
CANDU fuel elements, including the identification of
potential failure mechanisms during accident
conditions (1). To facilitate such an understanding,
a compeer code has been developed, called
ELOCA (2,3), and an extensive experimental program Is
being conducted for the purpose of verifying ELOCA.
To date, the experimental program is comprised of
over 900 laboratory sheath strain cests on empty
Zircaloy sheaths (3,4) and three in-reactor
experiments where CANDU-type fuel elements
(Zircaloy-sheathed, UO2 fuel) were subjected Co
conditions similar to a large break loss-of-coolant
accident (LOCA) in a CANDU reactor (5,6). This paper
presents comparisons between calculations by ELOCA
and fuel behaviour data from the three in-reactor
experiments. Brief descriptions of the ELOCA code
and the in-reactor tests are also provided.

* CANada Deuterium Uranium

THE ELOCA CODE

ELOCA represents a CANDU fuel element as a
cylinder of (J02 pelletted fuel concentrically clad
in a thin (0.44 mm), short (0.5 m) Zircaloy r.ube,
called the fuel sheath. The fuel element is sub-
divided into concentric annul! - a nodal point is
assumed to represent the average properties of a
single annulus. Each annulus of the U0 2 fuel is
described by its thickness, length, UO2 porosity,
crack volume, remaining pellet dish volume, axial gap
volume (pellet-to-pellet and pellet-to-sheath), and
heat generation rate per unit volume. The total
internal void volume of a CANDU fuel element is
relatively small (~2.0 cur).

The Zircaloy fuel sheath is represented by a
single annulus which is characterized by its
fabricated outer radius, wall thickness and length
and its initial (pre-transient) permanent deformation
which developed during normal reactor operation.

llie physical description of the fuel element at
the start of the transient calculation is usually
obtained from the calculations by a second computer
code, ELESIM (7,8). ELESIM calculates fuel behaviour
during steady-state, normal reactor operation.

The ELOCA code provides a vehicle whereby
variations and interactions between thermal and
mechanical properties of the U0 2 fuel and the
Zircaloy sheath of a CANDU fuel element may be
considered simultaneously during an arbitrary
transient. ELOCA was specifically designed to
analyze fuel performance during hypothetical large
break loss-of-coolant accidents (LOCA) in a CANDU
reactor where sheath temperature nay reach up to
about 1500 K. The thermal response of the fuel
element during the transient is calculated by a
finite difference approximation to the heat
conduction equation (2). Thermal expansion and
contraction of the U0 2 and the Zircaloy and latent
heat of formation during phase transformation and
melting are accounted for during the calculations.
UO2 pellet-to-sheath mechanical interaction and
internal gas presssure, both of which are influenced
by the thermal response of the fuel, are driving
forces for fuel sheath deformacion. An improved
transient creep model for Zircaloy (3), which was
based on the model by Sills and Holt (9), follows the
interaction between changes in microstructure
(recrystallization, grain size, phase transformation)
and creep processes of the fuel sheath. Creep
processes that are modelled include dislocation
strain (thermally activated climb and atherm»l
glide), diffusional creep (grain and phase boundary
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sliding) and strain developed during (Zircaloy) phase
Lransformation. The effect of anisocropy on sheach
deformation is included.

ELOCA also concains a comprehensive model for the
effects of Zlrcaioy oxidation on sheach deformation
and failure ( 3 ) . Several aspects are explicitly
represented:

i) oxidacion kinetics based on parabolic rate
equations,

ii) the development of stresses in the Zircaloy
during the formation of zlrconia ( Z r O 2 ) ,

iii) the change in mechanical properties of Zircaloy
during oxidation,

iv) ZrO 2 crack initiation and propagation and che
localizing effect of stresses and scralns in the
Zircaloy under the cips of such cracks, and

v) the contribution of ZrO 2 cracks to
circumferential sheach strains.

During a LOCA, there exists several potential
mechanisms that may lead to failure of a Zircaloy-
sheathed, U 0 2 fuel element ( 1 0 ) . The ELOCA code
monitors conditions leading to localized over-strain
in the fuel sheath such as ZrO 2 cracking, hard
pellet-to-sheath contact; and high strains (>0.iZ)
prior to the recrystallizatlon of the Zircaloy. The
effecc of circumferential temperature gradients on
sheath deformation and failure is currently not
included in the calculation*

A potential failure mechanism exists that is
unique to CANDU fuel elements. Intergranular
cracking of the Zircaloy fuel sheath can occur at
bearing pad and spacer pad locations of the element
brought on by the penetration of a beryllium-braze
alloy in the presence of an applied hoop
stress ( 4 , 1 1 ) . Oxidation of the Zircaloy tends to
increase the time to failure by Be-braze assisced
cracking (10).

EXPERIMENTAL PROGRAM

Six CAWDCT-type fuel elements have been subjected
in three in-reactor to transient conditions similar
to a large break LOCA in a CANDU reactor where sheath
temperatures reached about lOOCC. Two of these
experiments (FIO-130, -131) involved single fuel
elements and were conducted in the X-2 loop of the
NRX reactor at Chalk River (5). The remaining four
elements experienced a single transient in the Power
Burst Facility (PBF) at Idaho National Engineering
Laboratory (6). Test parameters (e.g. coolant
cemperacures and pressures, sheath temperatures)
were chosen to be typical of CANDU large-break LOCA
scenarios and are summarized in Figures 1-3. Prior
to the transients, fuel burnup levels ranged fron
fresh to about 120 MW.h/kg U and average linear power
ratings ranged from about 50 to 65 kW/m. All fuel
element assemblies were Instrumented to measure
coolant and fuel response during the experiments. Up
to three planes (top, mietdle and bottom) of
thermocouples were attached Co the external surfaces
af clie fael sheachs.

The objectives of these experiments were;

I) to study che thermal and mechanical response of
CANDU fuel during a LoCA-type transient, and

U ) to provide In-reactor, transient fuel behaviour
data for che verification of the ELOCA code.

RE6CT0R
NEUTRON
»OtV£R
MW]

PRESSURE : :OCL»r.r

" E S ' SECTION I

X ""*""-

MINUTES PROM START TIME

FIGURE 1: Se lec ted t e s t parameters of che FIO-130
LOCA t e s t ( 5 ) .

MINUTES FROM START TIME

FIGURE 2: Se lected t e s t parameters of che FIO-131
. LOCA cesc ( 5 ) .
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CANDU/PBF LOCA TEST

SHEATH TEMPERATURE IKI
ELEMENT AXIAL MHPLANE
9A01 a BA03 A
BAOS * BA07 x

I I I I - I I I I I I I I I J

0 10 20 30 *0 50 60 70 N 90 KM HO 129 139

TIME(S)

FIGURE 3: Selecced cest parameters of the four CANDU
fuel elements from the CANDU/PBF LOCA
cest. (Note, symbols are for the legend
only and are not data points.)

Specifically investigated were the effects on fuel
behaviour (sheath deformation and failure) from the
following parameters:

i) the variation in metallurgical structures of
?ircaloy, and hence mechanical properties, along
a CANDU fuel element caused by the brazing

o£ &p?eadafe«a to ttve fueL

ii) the presence of a beryllium-braze alloy on the
fuel sheath,

iii) the initial (pre-cransient) internal element gas
pressure,

iv) the maximum sheath temperatures,

v) che magnitude of a power pulse in Che UO2 fuel
caused by local reactivity changes during
coolant depressurization, and

vi.) the amount of pre-irradiation.

COMPARISONS BETWEEN DATA AND CALCULATIONS

Fuel behaviour calculations by ELOCA, for
transient conditions, «ere obtained for each, axial
plane of fuel sheath thermocouples that survived
their transients. Measured, qualified coolant
pressure, sheath temperature and fuel element power
data recorded by fuel assembly and reactor instru-
ments during a LOCA transient were used as input to
ELOCA. Together with che pre-cransienc calculations
of fuel conditions by ELESIM, these data constituted
che boundary conditions for che LOCA simulation.

Comparisons between data and ELOCA-calculations
have been made for s' 'era! parameters including fuel
sheath strains, elemei.t internal aas pressures, che
mechanisms and timing of element failures, fuel
te-ntxelitie terâ ftTat-Mies, sheath mtctasctucaures, and
layer thicknesses of zirconia (ZrO2) and oxygen
stabilized alpha-Zr on the fuel sheath.

ELOCA-calculaced sheath strains were found co he
in good agreement with measured, post-transient
strains at sheath thermocouple positions (Table 1).
For the three elements with welded bearing and spacer
pads (FIO-130, FIO-131, BA01), sheath strain profiles
were relatively uniform. Differences in measured
strain profiles between these three elements can be
attributed co different testing conditions - maximum
sheath temperatures (Zircaloy oxidation) and pre-
transient element internal gas pressures (Figures
1-3).

The three fuel elements with brazed-on appendages
(BAO3, BAO5 and BA07) deformed non-uniformly in the
vicinity of their appendages. Sheath deformation was
influenced by the variation in metallurgical struc-
tvsxes •at litcaLo^, asvd hettce at differing mechanical
properties, present on the fuel sheath. This varia-
tion in Zircaloy structures was created during che
brazing process of inter-element spacer pads and
bearing pads onto fuel elements. A heat affected
zone (HAZ) is created by the braze heat cycle which
alters the properties of Che Zircaloy sheath at che
intended location of the pad (4,12). ELOCA uses a
one-dimensional (radial) representation of a fuel
element and therefore does not model local changes in
sheath strain coincident with changes in Zircaloy
properties. However, if the correct properties and
temperacures were applied Co a two-dimensional
(radial, axial) version of the sheath strain model of
ELOCA, then changes in local strains could be calcu-
lated within the same magnitude of the data (4).

Measured maximum sheath strains of fuel elements
BA03, BAO5 and BAO7 of the CANDU/PSF test were found
to be up to a factor of 2,5 higher Chan ELOCA-
ealculated attain (Table S.U It was also found
chough that measured average sheath strains, which
were based on che assumption that che difference
between pre- and post-LOCA internal element void
volume measurements was due Co sheath strain only,
agreed reasonably well with ELOCA calculated average
strains (Table 1). Since ELOCA calculates average
conditions of the fuel element during a cransienc,
this latter comparison (with measured average
strains) indicates that ELOCA can provide average,
design-centre predictions.

Comparisons in Table 1 of measured sheath strains
from -.he fresh (BA07) and pre-irradiated (BAO1, BA031)
fuei elements indicate that there is an insignificant
effect of irradiation on sheath deformation. The
ELOCA code is therefore able to analyze transient
fuel behaviour for both fresh and pre-irradiaced
conditions.

E.LQCA oatcect.Lv 9tedLct.ed the effect of a smaXL
free void volume within a CANDU-type fuel eletnenc on
limiting sheath deformation. Figure 4 shows the
calculations of internal gas pressure and sheath
strain at the bottom thermocouple location during che
FIO-131 transient, and the comparison with measured
values. The small overprediction of gas pressure
early in the transient is due primarily to the
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TABLE 1: COMPARISON BETWEEN MEASURED AND ELOCA-CALCULATED SHEATH STRAINS

Posc-LOCA Profilomecry

Test
Designation/
Element

FIO-130

FIO-131

CANDU/PBF
BA01

BA03

BA05

BA07

Pre-LOCA
Burnup

(MW.h/kg U)

40

0

120

120

120

0

Appendages

welded

welded

welded

brazed

brazed

brazed

Element
Axial

Location

top
middle
bottom

top
middle
bottom

top
middle
botcom

top
middle
bottom

cop
middle
boctom

top
middle
bottom

Maximum (a)
Sheath

Temperature
(K)

977
T/C failed

1244

963
1133
1148

1133
1273
1303

1190
1261

T/C failed

1215
1242

T/C failed

1147
1178
1204

ELOCA-
Calculated
Strain
W

0

0.7

0.2
3.2
4.0

1.4
2.4
2.3

1.5
2.0

9.1
10.7

2.2
2.4
2.9

Average
Sheath

Strain at
Sheach T/C
Location

(2)

0.5
0.8
0.5

0.8
2-'
3.1

1.8
4.0
2.7

2.5
4.0
2.4

3.5
18.5
11.0

1.6
2.0
1.8

Averaf,̂  Maximum
Sheath Sheath
Strain Strain

0.6

2.2

1.2

5.3

4.0 (b) 4.4

4.0 (b) 4.6

15.0 (b) 26.0

2.5 (b) 3.8

(a) Measured by externally mounted sheath thermocouples.

(b) Based on difference between post- and pre-internal element volume measurements.

T/C * thermocouple.

TIME (si

FIGURE 4: Comparison of measured Internal pressure
during transient and post-teat sheath
strain at bottom thermocouple location
(1148 K) for FI0-131 with values

.predicted by the ELOCA code.

existence of axial variations of temperature and
sheath strain which were not taken into account by
ELOCA. Both the calculations and measurements show
chat the internal element pressure decreases rapidly
once Che sheath begins co strain. For a pre-
transient internal pressure of 8 MPa, the driving
force for sheach strain is lose after about 4.5Z
sheath strain and the rate of strain drops Co zero
before rewet occurs. Similar trends were also
calculated for the other five fuel elements and are
therefore also expected for CANDU reactor fuel.

ELOCA calculations of incernal element gas
pressures Here also compared to data from BA05 and
BA07 of the CANDU/PBF test. Calculated pressures
were determined for each axial plane of operacing
sheach thermocouples (cop, middle, and for BA07 only,
bottom) on these elements and the agreement with data
is reasonably good (Figures Sa and b, respectively).
The relative error between calculated and measured
gas pressures was found to be similar for the two
elements although the absolute differences were
within 1 MPa and 2 MPa for BA07 and BA05,
respectively.

Several potential failure mechanisms have been
mentioned that can influence fuel element integrity.
Fuel element BA05 of the CANDU/PBF LOCA tesc failed
during the cest, and possibly during the high
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CANDU/PBF LOCA TEST
INTERNAL ELEMENT PRESSURE, BAOS

CANQU/PBF LOCA TEST
INTERNAL ELEMENT PRESSURE, BA07

6 L

i L

2

MEASU

E L 0 " SOLE
BOTTOM

20 30
70 1D0 110 120

FIGURE 5:

SO 60

TIME Is)
Comparison between measured and ELOCA-
calculated internal element gas pressure
for fuel elements BAO5 (5a) and BA07 (5b)
of che CANDU/PBF test. Calculations were
obtained at OP to 3 axial locations on the
fuel element (top, middle, bottom); one
each based oi) an operating sheath
thermocouple during che LOCA test. (Note,
symbols are for the legend only and are
not points oi calculations).

temperature transient (0). ELOCA correctly predicted

the axistence of:

i) localized sheath strains at the tips of oxide
(ZrO2) cracks (Figure 6),

11") "higii circumferential tfrieatW •swai-aa (.vUMtt, «rad
iii) beryllium-braze assisted crack penetration of

the Zircaloy sheath at bearing/spacer pad
locations (Figure 7).

Using a failure criterion of 10Z sheath strain, ELOCA
calculated a time-to-failure of 95 to 99.5 seconds
into the transient by localized over-strain in the
fuel sheath which is in excellent agreement with
experimental observations of about 102 seconds and by
che same failure mechanism. ELOCA also calculated
for element BA05 a high probability of failure by a
beryllium-braze assisted cracking mechanism. Post-
irradiation examination revealed such cracks of up to
115 um deep which confirms these calculations.

ELOCA also correctly calculated thac none of the
CANDU-type fuel element* would fail when subjected to
a brief power transient developed during coolant
depressurization. Maximum element powers, relative
to pre-cransient levels, w e * ttanut VWl i « *.*•* toro
Chalk River LOCA tests and about 190Z for the
CANDU/PBF LOCA test. The magnitude and duration of
chese power transients were chosen to be similar to
chose expected in a CANPU power reactor during a
large break LOCA. Maximum energy deposition into the
U02 was calculated by ELOCA at 600 J/g.

FIGURE 6: Photomicrograph (magnification X500) of
cracks in the zirconia layer on the
external surface of element BA05 of che
CANDU/PBF test in the location of maximum
sheath strain (26Z). Cracks shown here
are up to 30 um deep.

FIGURE 7: Photomicrograph (magnification X200) of
Be-braze assisted cracks in the fuel
sheath of element BA058 CANDU/PBF LOCA
test under a bearing pad. Cracks shown
here are up to 115 um deep.

ELOCA calculations are compared to measured fuel
centreline temperatures of element BA07 during the
CANDU/PBF transient in Figure 8. The agreement is
shown to be reasonably goo<J. Steady-state
tpre-transient} calcnlaxitrf» ^ tfvt <tt£STK code. ate.
shown to be about 100 K above measurements which is
also considered to be good agreement. The increase
in temperatures after 50 seconds into the transient
corresponds to the period **en reactor power was
manually increased so as tP increase sheath
temperatures (6). The divergence between calculated
and measured temperatures after 50 seconds is
postulated to be primarily due to differences between
measured and actual fuel element powers. When the
input to ELOCA of fuel elei»ent power was reduced by
2 kW/m during this period, the agreement between
calculated and measured centreline temperatures
improved significantly.

The metallurgical structure of Zircaloy changes
with temperature and oxygen content according to che
pseudo-binary equilibrium phase diagram for
zirconium-oxygen (Figure 9). Production made CANDU
fuel sheaths contain approximately 0.14 wc% oxygen in
Zircaloy. tor xeiinwrsvare* ***•«» »•*««• W * R> «**
Zircaloy structure is hexagonal dose-packed and is
called alpha-phase. Above about 1243 K, the struc-
ture is body centered cubic and is referred co as
beta-phase. Between 1093 K and 1243 K, a phase
transformation occurs wher« the volume fraction of
alpha-phase varies from 100Z to 0*, respectively.
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FIGURE 3: Comparison between measured and calculated
fuel centreline temperatures of element
BAO7, CANDU/PBF LOCA test. (Note, symbols
are for the legend only and are not points
of calculations).
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FIGURE 9: Pseudo-binary, equilibrium Zr-0 phase
diagram (13).

TABLE 2: COMPARISONS BETWEEN ELOCA CALCULATIONS AND METALLOGRAPHIC OBSERVATIONS OF
FUEL SHEATH MICROSTRUCTURES OF THE ELEMENTS FROM THE CANDU/PBF TEST

ELOCA Calculations

Element
Location

BAO1 Top
Middle
Bottom

BA03 Top
Middle
Bottom (1)

BAO5 Top
Middle
Bottom (1)

BA07 Top
Middle
Bottom

Zlrcaloy
Grain
Size

(microns)

10
66-100
100

10-100
10-100

10-100
10-100

10
10-100
10-100

(1) No calculations performed
M/A Mot available

Minimum oc-Phase Zircaloy
Fraction Attained
During Transient

(?)

11-94
0-10

0

0-40
o-a

0-21
0-10

6-87
0-25
0-28

Zircaloy
Structure

Attained During
Transient

a + 3
a+e to S

one to s
a-ffi to S

a-t6 to 6
cue to e

a + 3
1 + 8 to 3
d+3 co 3

Data From Post-Test
Metallography -

Zircaloy Structure

N/A
N/A

transformed 3-Zircaloy

N/A
transformed 3-Zircaloy

N/A

i + transformed 3 to all i-Zircaloy
i + transformed 3 to a l l 3-Zircaloy

S/A

N/A
u-phase Zircaloy

N/A
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The actual temperatures at which the phase trans-
formation begins and ends will depend on the heating
or cooling rates imposed on the Zircaloy and on the
local oxygen concentration.

ELOCA calculates changes in Zircaloy micro-
structure as a function of the thermal transient.
Calculations of the grain size and the minimum
volumetric fraction of alpha-phase Zircaloy attained
during the transients were compared co Zircaloy
structures observed during post-irradiation
examinations of the fuel sheaths from the three
tests. Cood agreement uas found. Table 2 shows
comparisons for the fuel elemencs of Che CANDU/PBF
test. The ranges of calculations shown in Table 2
indicate the effects of a 100 K circumferential
difference on calculated Zircaloy microstructure.
Studies have shown that sheath temperatures may be
reduced up to 100 K local to thermocouple junctions
when thermocouples are externally attached to the
fuel sheach (14). Metallography confirmed the exist-
ence of circumferential temperature gradients on the
fuel sheaths during the LOCA test through changes in
Zircaloy structure (5,6). For example, the sheath
microstructure of element BA05 near the upper sheath
thermocouple varied from a mixed, alpha plus trans-
formed beta-phase Zircaloy to a single, transformed
beta-phase Zircaloy.

Comparisons are shown in Table 3 between ELOCA-
calculated and measured thicknesses of zircortia and
oxygen-stabilized alpha-Zr layers on the external
surfaces of the fuel sheaths. Data was available
only for a few selected locations on each fuel
element. Since Zircaloy oxidation is time-at-
temperature phenomenon, maximum sheath temperatures
as recorded by externally mounted thermocouples are
shown for those regions of layer thickness evalu-
ation. However, actual sheath temperatures away froa
thermocouple-to- sheath junctions may be as much as
100 K hotter (14). Consequently, a range of
calculations is given to reflect the measured
temperature distribution and/or the 100 K
uncertainty.

TABLE 1: COMPARISONS BETWEEN CALCULATED AND MEASURED THICKNESSES
"F ZIRCONIA ANP OXYGEN STABILIZED ALPHA-Zr LAYERS

SUmant
nas ignac ion

FIO-130

F10-131

CANDU/PBF

<um
3AI13

340 5

M07

Maxima (a)
Shaath

Tenparaturas

977-1244

962-1UH

1133

1261

1215-1242

117D

Maaauraaants

ZrO2 OSA (b)
(alcrona)

6-12

1.5-8.0

9-12

8-10

3-10

1-3

UD to 18

up to 2,0

9-11

-

-

-

ELOCA (c)

ZrO2 OSA (b)
(alcrona)

1.7-8.2 1.5-8.6

1.5-2.0 1.5-1.9

ft.3-11.9 6.4-12.9

5.2-10.3 5.2-10.9

3.5-9.2 3.0-9.6

2.9-6.3 2.5-6.4

(a) Tharaocoupla naaauraaancs. Shaath taaparaturca away froa
tharnocouplea nav ha «• much as 100 K hoctar (14).

(bl OSA aaans Oxyjtn £cablU»d Alpha-Zr.

(c) R*n» in calculations corraspond co 100 K taaparacura unccrcaincv

CONCLUSIONS

The ELOCA.Mk4 code (2,3) was used to calculate
fuel performance of six CANDU-type fuel elements from
three different in-reactor tests which simulated
expected conditions for a large break loss-of-coolanc
accident in a CANDU reactor. Comparisons between
calculations and measurements resulted in the
following conclusions:

1. Good agreement was found between calculated and
measured average sheath strains. However,
maximum localized strains were greater than
calculations by up zo a factor of 2.5.

2. ELOCA correctly predicted the effect of the small
internal void volume within a CANDU fuel element
on limiting sheath deformation.

3. The ELOCA code was able to adequately analyze
fuel behaviour during a transient for both fresh
and pre-irradiated conditions.

4. ELOCA-calculaced gas pressures compared
reasonably well with measurements.

5. ELOCA correctly predicted the extent of potential
failure mechanisms to CANDU fuel elements during
a LOCA such as localized sheath strains at tips
of oxide (Zr02) cracks, large circumferential
sheath strains, and beryllium-braze assisted
cracking of the Zircaloy at the appendage
regions.

6. Using a "10Z sheath strain" failure criterion,
ELOCA calculated the time of sheath failure in
element BA-05, by localized overstrain, at about
95-99.7 s into Che transient which is in
excellent agreement with the measurement of about
102 s.

7. ELOCA alao correctly predicted that none of the
fuel elements would fall either due to high
stored energy deposited in the UO2 during the
reactivity initiated power transient of the
CANDU/PBF LOCA test, or to high sheath strains
(>0.42) prior to recrystallization of the
Zircaloy (athermal deformation).

9. Good agreement was found between measured
centreline temperatures and those calculated by
ELOCA.

9. Good agreement was found between calculations of
Zircaloy metallurgical structures attained during
the transient and chose observed in che fuel
sheaths during post-irradiation examination.

10. Calculated zirconia layer thicknesses were found
to be In good agreement with measurements taken
from the external surfaces of the fuel sheaths.
The few available data compared well with
calculations on oxygen-stabilized alpha-Zr layer
thicknesses.
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1.0 INTRODUCTION

The CANDU reactor consists of basically a large
cylindrical vessel approximately 6 metres in
diameter, the calandria, sealed at each end with
two plates called end shields. Figure 1. The
calandria is filled with heavy water, which during
reactor operation, acts as the moderator. The
nuclear fuel is contained in fuel bundles, in turn
contained in tubes which span the two end shields
and the primary heat transport system (PHTS) passes
water through the tubes to provide cooling flow to
the fuel. These tubes are referred to as fuel
channels and there are 390 such tubes in a
Pickering NGS 'A' reactor and 480 in a Bruce type
reactor.

The fuel channels, Figure 2, consist of a pressure
tube approximately 6 metres long of zirconium alloy
with a stainless steel end fitting at each end to
provide support in the end shields and connections
to the feeder pipes of the PHT system. To insulate
the hot pressure tubes from the cold moderator
system, a gas sap is provided by a tube surrounding
the pressure tube, the calandria tube, and
connected at each end to the calandria end shields.

The pressure tube and calandria tube are kept
separated by spacers, generally termed 'garter
springs', located every l.S to 2 metres along the
channel.

On August 1st, 1983 one of the 390 pressure tubes
in the Pickering NGS 'A' Unit 2 reactor failed,
resulting in sudden loss of heavy water coolant
from the primary heat transport system at a rate of
approximately 17 kg/sec. A controlled shutdown and
cooldown from full pover was performed with normal
system controls and operator action. Safety system
action was not required. Prior to the event the
unit had been operating normally, at 515 MWe, for
342 days.

2.0 PICKERING HGS 'A' UHIT 2. FUEL CHANNEL G16

It was soon determined that the pressure tube which
had failed was in fuel channel G16 near the centre
of the core. The subsequent detailed investigation
to determine the cause of the failure is described
in some detail in Reference 1. The following is a
brief summary.

The crack in the pressure was found to be about
2 metres long, extending from the outlet rolled
joint to a T shaped tear near the centre of the
tube. A number of marks, later called blisters
were found along the crack and shown to be regions
of solid zirconium hydride. Figure 3 shows the
outside of the pressure tube and calandria tube and
the inside of the calandria tube.

Detailed examination of the P2G16 pressure tube and
calandria tube and about 12 other tubes from
Pickering NGS 'A' Units 1 and 2 revealed that:

Simplified Diagram of CANOU Reactor

Annular Ring

End Shield Assembly

FIGURE 1 Diagrammatic Overview of a CANDU Reactor



(a) the two garter springs in channel G16 were (d)
not in the design location and allowed the
outlet half of the pressure tube to sag
into contact with the calandria tube.
This developed local temperature gradients (e)
which concentrated hydrogen and deuterium
at the contact points forming blisters;

(b) the garter springs in many other channels
were also found to be displaced allowing
contact between the two tubes;

(c) the oxidation and deuterium content in the
main body of the tubes was much higher (f)
than expected. This was common to all the
pressure tubes examined;

fourteen heavily cracked hydride blisters
were present along the inboard half metre
of the crack in G16 Figure 3;

based on marks in the calandria tube and
some analytical predictions, it was
concluded that the pressure tube and
calandria tube in G16 had been in contact
for nine to eleven years prior to the
failure. However, at blisters 0 and E
where the crack appears to have initiated
contact did not occur until four or
five years before failure;

the failure initiated at a subcritical
partial through wall crack about 11 cm
long.

Pressure
Tubs

FIGURE 2 Diagram of Fuel Channel

P2G16 PRESSURE TUBE IO-D.)

CALANDRIA TUBE (itx)

CALANDRIA TUBE (O.D.)

WEST EAST

FIGUHE 3 Blisters Seen on East Sections of P2G16 Pressure Tube and Calandria Tube
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3.0 PRESSURE TUBES OF ZIRCONIUM HIOBIUM

Effects of Contact

The pressure tubes of Pickering BfGS 'A' Units 1 and
2 were of Zircalloy 2 (Zr.2) whilst those of all
subsequent ceactocs ace at zi.rsQni.um 2-1/2% niobium
(Zr.Nb) and, as expected, concerns were raised
about the ability of these tubes to "ithstand
contact. The concern was examined through removal
of three tubes from the Nuclear Power Demonstrator
reactor at Rolphton, Ontario Pickering NGS 'A'
Unit 3 and 4.

Of the three tubes only P3J09 was found to be in
contact, calculations indicating the tube to have
been in this state for about 2 years. The garter
springs in the other two channels were in the
design location and thus had prevented contact.

P3J09 had a series of white oxide deposits on the
outside, in the contact region, but there was no
sign of blistering or cracking. The white oxide is
attributed to fretting/impact between the two tubes
and subsequent oxidation of the zirconium debris.

Metallography of P3J09 was carried out to confirm
that pressure tube integrity had been maintained.
Sections were taken through some of the white oxide
patches in the contact region and also the outlet
garter spring location and again no evidence of
blistering, cracking or hydride concentration could
ba found.

Oxidation and Deuterium Pickup

The sources of deuterium in the bulk pressure tube,
are oxidation of the inside surface by the PHTS
coolant, and possibly absorption of deuterium from
the annulus gas on tl»e outside surface.

Only a fraction of tlie available deuterium release!
by oxidation enters the pressure tube wall. In the
pressure tube from fuel channel P3J09 the deuteriun
pickup in the bulk tube varied between 2% - 4%, and
in P4N16 from 5% to 7* of that theoretically
available from the oxidation process.

The pickup of hydrogen from the coolant is
negligible and can be ignored. The hydrogen
content of P3JO9 was 6-8 ppra, consistent with an
ingot analysis range of 3-8 ppm. The hydrogen
content of P4M16 was 8-10 ppra, consistent with the
ingot analysis range of 7-10 ppm.

The correlation between oxidation and deuterium
concentrations in the pressure tube is ambiguous.
The inside surface maximum oxide thickness on P3JO9
and P4H16 between 1 to S metres from the inlet end
varied between 8-16 microns. Oxide spelling was
evident near the outlet ends of both P3J09 and
P4H16. The deuterium concentration however
averaged about 4 ppm in P3J09 and 9 ppm in P4N16.

The extent of deuterium pickup by the pressure tube
due to absorption from the annulus gas side is not
known. Oxidation on the outside of the bulk P3JO9
pressure tube was low ana similar to that of ?*K16,
in the order of 1-2 microns. In the absence of a
thick protective oxide film, deuterium can be
absorbed directly into the tube wall. Thermal
diffusion will tend to concentrate the deuterium in
the gas annului system at the top of the channel
and higher deuterium absorption might therefore be
expected at the top of the pressure tube, assuming
there is no significant difference in temperature

between the top and bottom of the tube. However,
the D/H ratios in the P3J09 and P4N16 pressure
tubes at the top and bottom were not significantly
different.

Oxidation of garter springs was negligible. Garte
springs can contain high concentrations of
deuterium e.g. the P4S16 outlet garter spring
contained 41 ppm D 2 at the spring end which is
located at the top of the pressure tube. However,
the deuterium concentration in the middle where th
garter spring w«« in contact with the pressure tub
and calandria tube was only 2 ppm.

5.0 BLISTER FOBMATIOW IH Zr-2.5% Mb AND Zr-2 ALLO'

Blisters obviously form in Zr2 pressure tubes and
experiments have shown that blisters can develop i-
Zr-2.5* Nb pressure tubes with only "as
manufactured" levels of hydrogen, provided that th.
temperature gradients are sufficiently severe.
Even with high hydrogen equivalent contents, sever
temperature gradients appear to be necessary.

Zr-2.5% Nb pressure tubes have thinner walls and
higher thermal conductivity than Zr-2 tubes. This
means that for similaf contact conditions the
temperature gradients will be less pronounced and
limited blister sizes will be smaller than for Zr-
tubes.

Radial hydride has not been observed in the matrix
near Zr-2.5* Nb hydride blisters in laboratory
samples (unlike Zr-2 Blisters), and delayed hydrid.
cracking fracture initiation at a blister site is
therefore unlikely.

The probability of cr»eks growing in the matrix at
a blister site depend* on the local D 2 / H 2
concentrations. If the D 2/H2 concentration is
less fcfcsa the solubility limit at the operating
temperature, crack propagation from the blister by
means of a delayed hydride cracking mechanism is
not possible during operation. Cracks within
blisters are another potential site for crack
initiation, but crack propagation from blisters
appears to be difficult.

6.0 DEUTERIUM PICKUP IN Zr-2.5% Mb AND Zr-2 ALLOY:

The different deuterium pickup rates of the two
alloys are related to differences in chemical
composition and microstructure. Zr-2 contains
significant amounts of chromium, iron and nickel
and many intermetallics particles exist in the
alloy matrix, some of which intersect the oxide
metal interface. During corrosion these
intermetallic act as sites for the reduction of
deuterium ion*, and for the subsequent release and
possible pickup of deuterium. Once the Zr-2 oxide
thickness reaches about 20 microns, radiolysis of
the coolant trapped within the porous oxide layer
occurs. The release of radiolytic oxygen and
deuterium result in enhanced oxidation and hence
increases in deuterium pickup.

It is not known if a similar effect occurs in thicl
oxide films on 2r-2.SH Ub pressure tubes. However,
the extent of deuterium pickup would be expected ti
be lower than for Zr-2 because of the absence of
intermetallici. The oxide thicknesses of pressure
tubes removed from Bruce NGS 'A' Unit 2 in 1982
were in the order of 9-12 microns, after about
4-1/2 years of operation, compared to 8-16 microns
on the Pickering NGS 'A' Units 3 and 4 tubes after
about 12 years. The Zr-2-5% Nb pressure tube
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removed from MPD after over 14-1/2 years of
operation had localized areas where the oxide film
was very thick (40-60 microns), but there were no
corresponding peaks in the deuterium concentration
of the tube at those thick oxide locations. The
deuterium content was about 4 ppm along the bulk
tube.

Whilst blisters are evident in Zr2 tubes and can be
"grown" experimentally in Zr-Nb material, the level
of deuterium in the tubes is a major parameter in
assessing the integrity of the tubes. Data from
tubes removed from Bruce NGS 'A' Unit 2 in 1982/83
and Pickering NGS 'A' Units 3 and 4 in 1974/75 was
checked and compared with the present tubes from
MPD and Pickering NGS 'A' Units 3 and 4. Figure 4
shows the result. The rate of increase of
deuterium content is about I ppm per year compared
to about 30 ppra/year for the Zr2 pressure tubes.

7.0 COMCLUSIOHS FROM REACTOR EVIDEHCE

(a) Measurements to date from reactor tubes
shows that the deuterium level is
acceptably low.

(b) Contact between pressure tube and
calandria tube, at least in P3JO9, did not
show any impairment to tube integrity.

(c) The deuterium content in the Zr-Hb
pressure tubes is increasing in proportion
to the fluence.

8.0 REACTOR 1NSPECTIOH PROGRAMS

The data so far obtained from the reactors is
encouraging but does not give sufficient confidence
yet to believe that Zr.Hb tubes will not suffer in
the same way as Zr2 within the station lifetime.

The major source of data is the reactors themselves
and plans have been prepared to inspect a
significant number of tubes in the future ana also
remove tubes for measurements of hydrogen/deuterium
content and physical parameters.

The general plan for tube removal is centred around
the 'lead' unit concept. This will apply to a'1
Ontario Hydro's reactors and the 'stations'. Every
two years a tube is to be removed from the overall
'lead' unit and every five years a tube will be
removed from the station 'lead' unit. There has
been a lot of discussion on the 'lead* unit concept
because it is not clear at present which is the
major factor or combination of factors responsible
for the corrosion rate and hence deuterium ingress
rate. For instance the Pickering NGS 'A' Units 3/4
and Bruce NGS 'A' Unit 2 pressure tubes have
experienced about the same fluence. However the
operating time has been much longer for the
Pickering reactors. Currently the 'lead' unit is
considered to have a combination of high fluence
and longest operating time.

The next tubes to be removed are from Bruce NGS 'A'
Unit 2 in the fall of 1985 and Pickering NGS 'A'
Unit 4 in 1986. Both tubes will be transported to
AECL CRHL for detailed examination.

Table 1 outlines the inspections and tube removal
plans for the next three years.

9.0 EXPERIMENTAL AMD ANALYTICAL PROGRAMS

The two major concerns as described above are:

(a) the effects of pressure tube/calandria
tube contact and the growth of blisters

(b) the rate of deuterium ingress.

AVERAGE DEUTERIUM

CORRELATION

COEFFICIENT
=

,8-

0.84

82X14

. B2A14 .

LINE

B2J11

OF BEST FIT

a P4N16

^ ^

a P3J09

i
1

4 5

TOTAL FLL&JCE

FIGURE 4 Average Oeuterium Concentrations and Total Fluence in Zr 2.5% Nb Pressure Tubes
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TABLE 1 Planned Inspections Over the Next Four Years

YEAR UNIT PERIODIC INSPECTION ADDITIONAL IN-SERVICE COMMENTS
• O F TUBES INSPECTION , 0 F T O a £ S

INSPECTED «OF TUBES REMOVED

BNGS No. 4 3

PNGS No. 1 14

BNGSNo. 2 5

PNGS No. 8 14

15

miugur.il

state of core (locate 1
contacting crunnel)

inaugural gauging

1986 PNGS No. 4

6NGS No. 8 14

PNGS NO. 2 14

15 state ol cote (deuterium
content)

inaugural inspection

inaugural inspection

1987 DNGS No. 2 14 inaugural

1988 PNGSNo.5
DNGSNal
8NGSN0.6

3
14
2

inaugural
garter spring location creek

Vlhilst examinations of the condition of in-reactor
pressure tubes is essential an understanding of the
parameters affecting both blister growth and
deuterium ingress is also needed.

This work is being undertaken as part of an overall
R and D effort related to fuel channels by AECL,
Chalk River Nuclear Laboratories, Whiteshell
Nuclear Research Establishment and Ontario Hydro's
Research Division.

Figure 5 outlines the major branches of the
research programs related to blisters and deuterium
ingress.

TRAC-Tube Response After Contact is an extensive
program aimed at understanding the growth of
blisters in Zr.Hb and subsequent cracking behaviour
which may lead to pressura tube failure. Th«
program is composed of many items, the major onas
being:-

(a) Development of analytical modal* to
determine how blisters grow and what
stresses they induce in tha pressure
tuba. This work is having some succass
and a modal is available which appears to
predict tha growth of tha blisters that
initiated failure of tha P2G16 pressure
tuba and also blisters grown
experimentally in the laboratory.

(b) Experimentally growing blisters in the
laboratory under carefully controlled
conditions. This work has been very

' successful and at least four different
methods have demonstrated blister growth,
whilst encouraging, the work has shown
that blisters can be grown in Zr.Nb
material with only 20 ppm of hydrogen,
given the right conditions of heat
transfer and thermal gradients. The major
unknown is whether these conditions
actually arise in a reactor environment.

(c) Several experimentally grown blisters have
been subjected to tensile stresses and in
general the bigger the blister, the easier
it is to crack. However stresses of at
least ZQO HPa appear to be necessary.
This work is the first stage in
determining how a cracked blister might
lead to pressure tube failure.

Corrosion is the other major factor and two
programs are underway to determine the factors
affecting corrosion and hence deuterium ingress.

(a) FOCUS - Fuel Channel Out-reactor Corrosion
Under Simulated conditions is being
carried out by Ontario Hydro's Research
Division and as the title suggests is
aimed at assessing the corrosion behaviour
of Zr.Nb in the absence of a neutron
flux. In addition an attempt is being
made to develop on analytical model of the:
corrosion process. The first step is to
provide an empirical relationship between
the controlling parameters and later to
incorporate the physical processes as they
are understood. This is an ambitious
project but it is generally felt that a
start neads to be made!

(b) Tha Corrosion (in reactor) program is
planned to understand the affects of
neutron irradiation on the corrosion
behaviour. It is thought that this had a
significant affect on the corrosion and
deuterium ingress rates in the
Pickering NCS 'A' Units 1 and 2 Zr.2
pressure tubes. It is not yet clear
whether this affect will occur in Zr.Hb.
Again there are several parts to the
program including irradiation of samples
in tha NRU and NRX reactors at AECL Chalk
River Huclear Laboratories and a fuel
bundle program in which corrosion samples
are placed in an empty fuel pin in a fuel
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PRESSURE
TUBES

FOCUS CORSCS'Or-J
(In reactor)

*F.'B Program
•NRU/NRX Experiments

_*Out Reactor Programs

• Modelling

* Autoclave
•Long Term

Fuel Channel Out-Reactor

Corrosion Under Simulated

Conditions

. *PIP
*ISI
•Others

•Blister Growth/Stresses
•Experimental
•Contact Conductance
•Crack Initiation

Tube Response
After Contact

J

FIGURE 5 Major Branches of Fuel Channel R&O Programs Related to Blisters and Deuterium Ingress

bundle and irradiated in the
Pickering HGS 'A' reactors. The samples
have been pre-oxidized to various degrees
and the first fuel bundles should now be
in reactor. They will be removed in i to
9 months and shipped to AECL CRNL for
detailed examination.

10.0 OH-REACTOR WORK

The above programs, both reactor
inspections/pressure tube removals and the
experimental and analytical programs will not
provide definitive answers for possibly many
years. In the meantime reactors are operating,
being built and being retubed. WHat is being done
for these?

In general, whilst the current knowledge regarding
deuterium ingress and blister growth in Zr.Nb
pressure tubes suggests that there is not an
immediate serious concern, it is being assumed that
significant effort needs to be made to ensure that
pressure tubes do not contact calandria tubes.
Several programs are therefore underway or almost
complete.

(a) In stations under construction garter
springs are being ropositioned close to
their design locations. Pickering B is
the last unit to be repositioned and the
work is nearly complete.

(b) Equipment is "being built to reposition
garter springs in operating reactors.

This program is termed SLAR (Spacer
Location And Repositioning}. The first
unit to be 'SLARKED1 is likely to be
Pickering B Unit 6 in 1986.

(c) The garter springs have been redesigned to
snugly fit the pressure tube. Tests have
demonstrated that such springs will not
move during construction, commissioning or
reactor operation. This design has been
installed in Bruce HGS 'B< Unit 8 and will
be used for the Darlington NGS 'A'
reactors and the retubnd Pickering NGS ''A'
Units 1 and 2.

(d) Pickering VGS 'A' Units 1 and 2 are being
retubed with Zr.Nb pressure tubes, the
deuterium ingress and contacting pressure
tube/calandria tubes having degraded too
far to warrant continued operation.

11.0 SUMMARY

As you will note from the above, consir*' able
effort has gone into redirecting and exL .ding all
programs associated with fuel channels since the
P2G16 incident of August 1st, 1983. Whilst current
knowledge au<t the behaviour of Zr.Nb pressures
tubes has so far been very encouraging, our present
understanding of the blister growth and df .terium
ingress mechanisms is very limited and in the
absence of detailed understanding a significant
effort is being mad* to ensure that the fuel
channels are maintained in a state which will
provide continued good service for the design life
of the stations.
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(1) G.J. Field, J.T. Dunn, B.A. Cheadle
"Analysis of the Pressure Tube Failure at
Pickering NGS "A1 Unit 2
Proceedings of the Canadian Nuclear
Society 5th Annual Conference, Saskatoon
1984 June 4-5.
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GARTER SPRING REPOSITIONING
IN PICKERING AND BRUCE REACTORS

M. LISKA, B. CHURCHILL. I. LAUCHLAN

Ontario Hydro,
700 University Avenue

Toronto, Ontario
HSG 1X6

ABSTRACT

Several garter springs are strategically located
in each fuel channel of a CANDU reactor to prevent
the hot pressure tube from contacting the
surrounding colder calandria tub*. Many of the
garter springs, though, are not in their design
locations. This paper discusses the results of
Ontario Hydro investigations into the movement of
garter springs in CANDU reactors and presents the
strategies the utility has adopted to reposition the
springs in its Bruce and Pickering reactors.

BACKGROUND

An a result of the early findings from the G16
incident, Ontario Hydro inspected the garter spring
locations in six fuel channels in Bruce Unit 6.
This unit had recently completed hot conditioning of
the Heat Transport System without fuel in the
channels as part of the normal commissioning
procedure prior to first criticality. Although only
a few channels were inspected, there was adequate
evidence to suggest that a number of garter springs
were significantly displaced from their design
locations. It was concluded that a generic problem
involving the displacement of garter springs in
other reactors may exist, leading to potentially
serious consequences as evidenced by the Pickering
failure.

GENERAL STRATEGY

Without evidence to the contrary, it had to be
assumed that the Zr-Nb pressure tubes used in all
other Ontario Hydro reactors could exhibit the same
behaviour as the Zr-2 pressure tubes used
exclusively in Pickering Unit* 1 and 2. Based on
this underlying assumption and considering that
retubing each reactor was considerably more
expensive than repositioning the springs, the
general strategy adopted for the reactors still
under construction was:

(a) determine the cause of garter spring
displacement;

(b) develop fast, economical and
non-destructive techniques for locating and
repositioning springs in fuel channels
already installed; and

(c) establish means of retaining springs in
their correct locations.

Each of the non-operating reactors was at a
different stage of construction and was, therefore,
addressed separately under the Garter Spring
Repositioning Program. Since Bruce Unit 8 did not
yet have its fuel channels installed, the garter
springs for this reactor were redesigned. Pickering
Unit 6, being at first criticality, was given the
go-ahead to proceed to criticality since delaying
the unit would not provide any information which
could not be obtained from the other units still
under construction. While still a few weeks away
from first criticality, Bruce Unit 6 was defuelled
to become the lead reactor in the repositioning
prograa. The other reactors to be repositioned were
Bruce Units 5 and 7 and Pickering Units 7 and 8.

CAUSES OF SPRING DISPLACEMENT

The garter spring design used in all Pickering
and Bruce reactors (except Bruce Unit 8 as noted
above) is loose fitting around the pressure tube
(Figure 1) to provide radial clearance for pressure
tube diametral expansion caused by neutron
absorption. Ideally, a garter spring stands upright
and is held in place by the friction of the
compressed spring acting along the inside wall of
the horizontal calandria tube. However, a series of
tests conducted on a full-scale channel mockup

1
Ctunntl Annului SpKir (Units 5,6, 7)
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clearly showed that garter springs can be knocked
out of this unstable position and moved along the
channel by the low frequency, low amplitude
vibrations associated with normal channel
installation activities. The results of these tests
were later confirmed by the scattered distribution
of the garter springs in those reactors under
construction which had not yet been commissioned.

Following the commisaioning of a couple of the
reactors, the spring locations in several channels
were compared to their locations prior to
commissioning. The results clearly showed that
commissioning a reactor without fuel in the channels
drives loose springs further out of position.

LOCATING AMD REPOSITIOHIHG TECHMIQUES

Much consideration was given to various creative
techniques which would locate and reposition the
garter springs inside t»e channel annuli without
physically penetrating channel components.
Successful repositioning was accomplished with a
combination of tools and techniques all of which had
to be developed, tested, and appropriately qualified
prior to usage inside the reactor channels.

Each spring was quickly and accurately located
using the eddy current technique (BCT) wherein a
sending coil electromagnstically induced a small
current in the girdle wire of the garter spring.
The small current could then be detected by a
receiving coil. If a garter spring was found tilted
towards its desired destination, it was repositioned
using low amplitude, low frequency vibrition
generated by cycling a hydraulic jack placed inside
the channel. Otherwise, the spring was
electromagnetically 'pushed* back into place
millimetres at a time using a copper coil
affectionately known as the 'zappar*. s.< named
because it converted more than 100,000 amps of
current into a single burst of electromagnetic
energy. Alternatively, the spring could be
'flipped* by the opposing electromagnetic fields of
a double coil zapper before being walked back into
place using the hydraulic jack.

The springs were sometimes located using an
irradiating source in a neighbouring channel to
expose radiographic film placed close to the springs
in the target channel. Other methods of locating
springs using acoustic emission, infrared
photometry, or X-ray enhancement were pursued but
not implemented since they were either too expensive
or required extensive development.

For a short period of time, the springs in Bruce
Unit 5 were successfully repositioned using
localized high frequency shell mode vibrations
generated by a sonic vibrator. However, frequent
mechanical failures eventually forced this technique
into retirement. Also, a thin metal tape flexible
enough to be steered through the bearing gap yet
stiff enough to push or pull stubborn springs into
position was developed but was Intended to b e used
only as a last resort prior to channel replacement.
Some rotary vibrators were tried but eventually
dropped because of limited success in
repositioning. Various proposals for moving the
springs using viscous fluids or ice plugs in the
annulus were not considered because of anticipated
problems regarding accessing annulus components and
drying the annulus.

REPOSITIOHIHG CRITERIA

Assessment of the data available early in the
repositioning program indicated that repositioning
all the springs in a reactor back to their design
locations would be an extremely Zengthy task even if
the repositioning tools being developed worked
reliably and efficiently. In order to minimize the
amount of repositioning yet prevent tube-to-tube
contact for 30 years, the springs were repositioned
to a set of maximum spans based on the expected
range of creep rates. Accordingly, a spring was
repositioned only if the distance between the spring
and its neighbour exceeded the prescribed maximum
span.

A computer optimization program developed by
Ontario Hydro's Research Division was used to
minimize the repositioning effort in each channel.
The program selected a more relaxed set of maximum
spans for the low power channels and determined how
far to move each spring requiring repositioning.

REtEHTlOH QE REPQSTTTOMED SPRIHGS

The probability of spring movement during
raactor operation was investigated by subjecting a
full-scale channel mockup to simulated reactor
conditions. With a full fuel load in the channel
and the oalandria tube submerged in water to
simulate the buoyancy of the calandria tube in the
moderator, the tests showed that a spring pinched
between the pressure tube and the calandria tube
would not move unless subjected to vibrations far in
excess of what could reasonably be expected during
reactor operation. The tests also showed that even
an unp inched spring may not move since the
possibility of movement is highly dependent on
annulus geometry and the configuration of the
pinched springs within the channel.

Figurt 2
Modified Chinntl Annului Sptctr Dtsign (Unit 81
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The level of in-service vibration of a fuelled
channel submerged in moderator is expected to be low
enough so as not to move pinched garter springs.
Also, the likelihood of moving an unpinched spring
is judged to be small. Furthermore, after a couple
of years, every spring will be subjected to an
increasing pinch load caused by creep sag of the
pressure tube.

HEW SPRING DESIGM

Future channels will be installed using a newly
designed garter spring (Figure 2) which fits tightly
around the pressure tube. The new spring has hooked
ends and an open loop girdle wire to accommodate the
diametral expansion of the pressure tube.
Laboratory tests showed that the new spring will not
move under severe "ibration and is more wear
resistant than current garter springs. Bruce Unit 8
was the first reactor to use this new spring design.

SUMMARY OF REPOSITIOKIMG EFFORT

The garter springs were repositionei in Bruce
Units 5, 6, and 7 and Pickering Units 7 and 8. A
summary of the repositioning effort for each reactor
is presented in Table 1. Bruce Units 5 and 6 and
Pickering Unit 7 were repositioned following
commissioning without fuel. Bruce Unit 7 and
Pickerirj Unit 8 were repositioned after channel
construction but before commissioning.

TA8LE 1
Summary of Hepoiitioning Effort

[ 3* .ct; =
; ar^ce 6

"cKtfrng 8

No. of Channels

480
480
-480

380
380

No. of Channels
fleposirianed

•JJ7
324
311

305
270

Total Movement
Required to

Reposition Soring;
IMeires)

5"IO
370
227

5S5
265

REPOSITIONIHG SPRINGS IN OPBRATIHG REACTORS

Another program called SLAR (Spacer Locating And
Repositioning) is being developed to provide the
capability to reposition the springs in reactors
which have been operating for several years.
Inaccessibility of th« springs is still as much a
problem in the operating reactors as it was in the
non-operating reactors. In addition to
inaccessibility, though, the SLAR program must also
deal with other problems such as radiation,
irradiation hardening of the fuel channel.
Irradiation induced fuel channel sag, the presence
of fuel and coolant flow in ttta channel, and the
requirement to temporarily remove but not discharge
the irradiated fuel. As a result, the strategy has
been to provide an automated system, computerized
and remotely controlled whecever possible - a direct
contrast to the intensive use of manual labour
during the repositioning of the non--derating
reactors under the Garter Spring Repos'.ioning
Program.

The proposed SLAR system is being built with
experience in mind. It uses existing fuelling
machines, a device developed on the principle of a
linear induction motor (LIH), selected features of
the Channel Inspection and Gauging Apparatus
(CIGAR), and the hydraulic jack concept developed
under the Garter Spring Repositioning Program- The
system can be used on each channel of an in-service
reactor, one channel at a time, with the reactor in
cold, shutdown, depressurized state. The SLAR
operation, on average, is targetted to take no
longer than 4 hours per channel.

A modified fuelling machine will defuel a
specified channel by pushing the fuel bundles into
the receiving fuelling machine at the opposite end
of the channel. The modified fuelling machine,
acting as a delivery system, will then insert a
multifunctional tool (Figure 3) incorporating both
the inspection and repositioning systems. The
positions of the garter springs and possible
locations of tube-to-tube contact are determined and
recorded as the delivery system advances the tool
down the channel. Following repositioning, the
delivery system positions the tool close to a garter
spring selected for repositioning so that the tool
can apply an upward force to relieve the spring of
the pinch load caused by pressure tube creep sag.
The spring is then free to be moved by one of the
LIHs located at each end of the two metre long
tool. After all the springs are deemed to be in
acceptable positions, the fuelling machine holding
the fuel returns the fuel to the channel. The
channel is resealed before both machines move onto
the next channel.

Strategies are currently being developed to
reposition the springs to their "correct"
locations. Such locations will depend on the shape
of each individual channel. Therefore, a 'menu'
will be built into the SLAB computer to select the
appropriate repositioning criteria and assess the
pinch load on a repositionea spring while utilizing
the channel's sag in a way which will ensure that,
wherever possible, a rapositioned spring will be
left in a "loaded" condition to prevent its
subsequent movement.

Computers will be used Extensively to determine
spring locations and calculate optimum locations for
repositioning. But because each channel is unique,
there may exist a case which does not conform to the
programmed logic. In such a rare case, a full data
readout will be available to an "expert" who can
override any computer decision and reposition a
spring to a location deemed proper.

Various components of th«s SLAR system are being
tested now. The integrated system tests commence in
late 1985 with the anticipation of having an
operable system by the fall of 1986.
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PICKERING U.S.A. UNITS I AND I

PICKERING LARGE SCALE FUEL CHANNEL REPLACEMENT PROGRAM

PROCESS. ORGANIZATION AND STATUS OVERVIEW

JJ.J. MURDOCH
K.H. TALJJOT

Oacario Hydro Pickering N.G.S.
Pickering, Ontario

In August 1933, a pressure tube failure in
channel G16 occurred in the Pickering Unit 2
reactor. Intensive investigations following that
incident resulted in a decision in March 1984,
that all pressure tubes in both units 1 and 2
would be replaced.

This paper describes the overall process
adopted for the replacement of the pressure
tubes, progress and main problems encountered to
date, as well as the evolution of the Project
Organization*

Several more detailed papers describing
certain areas/facilities of the project will
follow this presentation. This paper will act as
a general introduction to those papers.

BACKGROUND

la 1974, the first pressure tube failure and
replacement occurred in a Pickering reactor
(Unit 3 ) . Location and replacement of that
single channel consumed over 100 man-rea and took
b weeks. Subsequent to that failure an
additional 16 channels in Unit 3 and 52 in Unit 4
were replaced over the following two years. The
dose received per channel was gradually reduced
to approximately 1b man-rem over the last few
replacements. Based on this actual performance,
and using the same techniques, replacement of an
entire core would consume over 6,000 man-rem and
take over <* years to carry out.

In the view of Ontario Hydro management this
amount of exposure to our workers and loss of
production was unacceptable* Accordingly studies
were initiated In 197b to find methods of
reducing the worker exposure and outage time.
Areas of study included radiation source
reduction, shielding, defuelling, replacement
process improvement* and renotely controlled
tooling.

In the late 1970's it had beconw apparent that
the axial creep in the pressure tubea would
result in disengagement of the fuel channel
bearings by 1965 in Unit 1. Accordingly the
retubing studie* were upgraded to the preliminary
engineering phaae. In parallel, work was
initiated on a means of supporting the channels
rather than replacing them. This program called
tUSFAb (Reposltionad End Fitting* and Bearing*;
concluded in 1982 that REFAB waa possible and
would coat ouch lais than a full rtcubing.

Accordingly the Large Scale Fuel Channel
Replacement Program (LSFCRP) was drastically cut
back with much of the work put into a stop and
store mode.

In October of 1983, as a reBult of early
indications from the investigation of the
G16 Incident that only 3 or 4 years more
operation on Unit 1 could be expected before
another failure, the LSFCR Program was
reinitiated and rapidly accelerated to meet a
January 196b outage start. The baseline chosen
was one In which approximately 50% of the
operations were performed remotely and thus
involved a large engineering and development
effort to design and manufacture the remotely
controlled tooling.

On March 9, 1984 the project team was advised
that both units 1 and 2 were to be retubed
immediately with no further thought given to
restarting the units. At that time, a section
within the Ontario Hydro Pickering Engineering
Department existed (having been set up in the
previous October) to direct activities in the
reactor component and tooling design areas.
However, there had not been any similar
assignment of staff within the Construction
Department or Operations.

The current program referred to as the Large
Scale Fuel Channel Replacement Project for Units
1 and 2 or sometimes as 'Early Retubing' was thus
initiated. Intensive efforts in several areas of
Ontario Hydro, Atonic Energy of Canada, Canadian
General Electric and several other consultants
and manufacturers were Initiated in March of
1984. All of the speakers today have been
personally involved in this effort and in no
small way have contributed to our success to
date.

OVERALL RETUBE PROCESS

Tha overall outage logic Integrates several
area* normally carried out by either Operations
or Construction staff. Tha baalc phases are:

(a) Decontamination

(b) Dtfuclllng

(c) Unit Preparation

(d) Fuel Channel Removal
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(e) Fuel Channel Installation

(i) Recomnissioniag

A brief outline of these phases follows below:

The remaining papers in this session and this
afternoon's session treat some areas in greater
detail.

uecontaminatlon

Prior to 19B4, two decontaminations of the
Heat Transport System on Unit 1 had been
attempted, using a process known as Candecon.
Both attempts felj far short of what was needed
to significantly reduce radiation fields*
(Decontamination factors of less than 2 were
achieved.}

In early 1984, a third attempt was made, this
time on Unit 2 after a laboratory analysis and
further development revealed that changes to the
Candecon chemistry wers needed. This attempt
plus a follow-up decontamination resulted in
decontamination factors of 5 to 10 being
achieved. This result was a significant break-
through, since it meant that long work durations
for an individual worker could be achieved in the
vaults prior to reaching radiation dose limits*
Further details on decontamination are given in
Kef. 7.

Defuellina

The units were defuelled using the existing
fuel handling system, augmented by some special
ram adaptors. A total of 46B0 fuel bundles were
removed in less than 3 months. There were no
significant system failures during this period
and no damaged fuel. All fuel was transported to
Che Irridiaced Fuel Storage Bay. It is inter-
esting to note that a greater number of fuel
bundles would have been stored in the bay over
the same length of the current outage (3 years)
had the units been operating at full power. Thus
no capacity problems with fuel storage have been
created.

Unit Preparation

After defuelling, the units were drained to
the header level through the fuelling machines.
The machines were attached to specific fuel
channels which were fed from the lower positions
of each header. After the bulk draining, each
fuel channel was individually drained via the
fuelling machines. This was necessary since each
fuel channel is in fact a trap to the system.
The Heat Transport System (UTS) was then refilled

' light water, flushed and drained again.

After draining, large vacuum pumps were
connected to the UTS and a vacuum sufficient to
dry up all remaining pockets was drawn. Details
of this process can be found in a later paper.
(Ref.l)
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Several pre-reqi;isite activites were also
carried out including the removal of some
internal Reactor Building walls to permit
equipment movements and partial disassembly of
the rolling shields to provide better access. In
addition the major retubing equipment such as the
shielding cabinets, work tables and cranes were
installed.

fuel Channel Removal

Equipment Set-up. A key feature in establishing
a suitable working environment is the *0 Ton
snielding cabinet which is placed on each
fuelling machine bridge. A later paper by
W. Knowles (Kef I) will discuss this facility in
detail. This shielding cabinet was effective in
reducing the radiation fields by a further factor
of 5 to 10. Within the roof of the shielding
cabinet is located either a 3,000 lb. hoist, or
Retubing Tool Carrier (RTC). A manually operated
work table is located on tracks in the floor.
The work table provides a table alignment plat-
form for tools which perform retubing activities
on the fuel channels.

fuel Channel Removal Process. Hundreds of
specific tools and steps are required to remove
the fuel channels (Figure 1). The main steps In
sequential order are as follows:

(a) The Grayloc bolted connection between the
feeder tube and the west end fitting is
disconnected by flame heating the end fitting
body to relieve the bolt stresses first.

(b; The operating shield plugs, which are highly
radioactive are pushed into the pressure tube
and replaced by inactive dummy shield plugs.
These inactive plugs can be handled
manually. The old operating plugs will be
disposed with the pressure tubes.

lc) The pressure tube is cut near the west end
using an internal roll cutter which does not
produce any active swarf.

(d) The liner tube inside of the west end
fitting, is cut just inboard of the yoke
position, and pulled out of the End Fitting
(E/F) along with the closure seal ring which
traps it in the E/F. This section of liner
tube is inactive (ie not neutron activated)
and can be handled manually.

(e) The west end fitting is then cut through from
the inside using a roll cutter, at the yoke
location. This permits the outboard end of
the E/F to be removed thus giving good access
for yoke removal and bellows cutting.

(f) The west yoke assembly is removed along with
the yoke studs

(.g) The weld between the E/F and west bellows is
severed using a one piece cutting tool
mounted from the work table. This is possible
since the outboard end of the E/F has been
removed. This approach greatly streamlines

the bellows cutting operation that tradi-
tionally relies, on assembling a multi-piece
tool around the E/F through the use of long
rods. After cutting, the bellows are clamped
to the end shield.

(h) At this point the west end fitting is
completely free. Its removal is accomplished
remotely by the Retubing Tool Carrier (RTC)
since the E/F is highly radioactive at its
inboard end. The RTC retracts ths E/F from
the reactor using an extension tool which
grips the inside of the E/F, lowers it to the
floor and deposits tool plus E/F on a flask
loader device. The flask loader pushes the
E/F into the flask. Details on this
operation are discussed in a later paper
(Ref. 3).

(i) After flasking, the flask is moved through
the plant to the Irradiated Components
Management System for unloading (Ref.4).
In parallel with the work ongoing at the west
face, the rolled joint between the east end
fitting and pressure tube is being separated
by a process known as Rapid Induction
Heating (Ref 5). After separation the
pressure tube is displaced a short distance
to the west by a jacking device to expose the
end fitting bore. This surface is cleaned up
and sized using a honing tool. The end
fitting is reused without removing it from
the reactor.

(j) After the west E/F is removed, and the east
rolled joint is separated, the old pressure
tube (complete with old shield plugs still
inside) is pushed full length from the east
into a larger cylinder containment can which
is being held in position by the RTC at the
west. After entering the can, The RTC
withdraws the can from the reactor and lowers
it to the flask below. Once again this
operation is performed remotely due to the
very high radiation fields on the old
pressure tubes.

(k) After the pressure tube is removed, some
inspection of the calandria tubes, bellows
and other areas will be carried out.

Fuel Channel Installation

The main steps in the installation process
are as given below. Details of this process can
be found in Kef. b.

(a) The new pressure tube (F/T) is first inserted
into a protective can. This new F/T
container is carried by the RTC and installed
inCo the west end shield. The P/T is pulled
out of the can into position by a tool
entering from the east.

(b) The east end of the P/T is aligned with the
east E/F prior to insertion into the east
E/F. Once inserted, the east rolled joint is
rolled while the alignment is held.
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(c) The garter springs are installed from the
west, between che P/T and calandria tube*

(d; The west t/F is inserted over the west end of
Che P/T while Che P/T alignment is held.

(e) The garter spring positions are verified
using an eddy current probe from the east
side.

U ) The west rolled joint is made and tested,

(g) The west bellows to E/F weld is completed,

(h) The west Grayloc tool connection is rebolted.

(i) New operating shield plugs are then
reinstalled.

At this point the channel is ready for
commissioning.

TECHNICAL PROBLEMS

The major technical problems to date are all
associated with the fact that the units being
rebuilt have seen several years at service.

Heat Transport System Crud

Although the Heat Transport System was drained
twice and flushed once, it appears chat suspended
crud in the water after decontamination was
highly concentrated. As a result the pockets
of water that remained after the second flush (in
tne sagged pressure tube and lower surfaces of
the E/F and liner tubes) when evaporated by the
vacuum drying, left behind significant deposits
of a fine black magnetite dust. In some areas of
the t/F, these deposits were as deep as 6 mm.
The presence of this dust caused jamming of
tools, contamination control problems and also
degraded the performance of the Sapid Induction
Heating system. The system relies on Induction
heating which is adversely affecced by the
presence at this magnetic dust. Special cleaning
measures and contamination control measures had
to be adopted.

Carbon 14

The greatest problem encountered to date has
been the discovery of Carbon-14 in a solid form.
This isotope is created in the gas annulus system
Cwhicn surrounds the pressure tubes) during
reactor operation as a result of the neutron
irradiation of nitrogen gas. Prior to the
discovery of solid C-14, it was generally
believed that the creation of C-14 from nitrogen,
would result in a gaseous form of C-14 (combined
with oxygen or of an atomic size which would be
transported by the nitrogen as if a gas). Thus
the presence of relatively large quantities of
solid U-14 on the outer surfaces of the end
fittings and pressure tubes was unexpected.

The main problem with C-14 is that it is a
pure Beta emitter of a very low energy. In

addition ic was being transported out of the
reactor into the working areas in a relatively
pure form that was not mixed with other
containments that would produce gamma radiation-
Finally, the C-14 dust found is so fine that it
easily becomes suspended in air if disturbed.
Thus the problems developed were mainly in
monitoring its presence (most hand and foot
monitors will not detect C-14), measuring its
biological effect on workers (dose assignment)
and controlling its spread. Solutions to these
problems have included the adoption of new types
of Personnel Air Samplers, the widespread use of
"Pancake Detectors" that are sensitive to low
energy Beta, additional worker protection against
inhalation of C-14, changes in procedures and
tools to control its spread (particularly by air)
and finally the use of fecal sampling to augment
dose assignment models. Implementation of all of
these measures occurred in an evolutionary mode
as more evidence became known. Thus the effect
of the project was to significantly slow the
progress over a period of about 3 months.

Fuel Channel Sag

A problem which is expected during the
installation of the new pressure tube (yet to
come) is the permanent sagging of the calandria
tube in the centre of the core. This sag could
be as much as 30 mm and is caused by neutron
enhanced creep sag during reactor operation. It
is expected that the removal of the old pressure
tube and installation of the new straight
pressure tube and garter springs will be made
difficult by this sag. In particular the need to
keep the ends of the new tube collinear with the
end fitting rolled joint bore during rolling is
made difficult by Chi tendency of the sagged
calandria tube to deform the new pressure tube
into a banana shape.

ORGANIZATION

The plan prior to March 1964, was to be
prepared for an outage starting in 198b.
Therefore when it was decided at that time that
the job was Co begin immediately, there was only
a handful of people working within the Pickering
"B" Engineering Department within Ontario Hydro
that in fact were dedicated full time to the
project. This group was performing the system
engineering and project engineering in the area
of retubing tooling design. In addition, tooling
design groups had been formed in other areas of
Ontario Hydro and at outside consultants.

The unique characteristics of this project,
which have greatly impacted on the organization
are as follows:

(a) Although an engineering group dedicted to
the design and procurement of tooling and
equipment existed at the time of the March
19H4 decision, the field construction and
operations groups had not progressed to the
point of dedicating the manpower required.
This at a time when the outage was already
underway.
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(b) The field work began with a unit already
'turned over1 to Operations. The initial
activities were solely the operator's
functions with work to be gradually phased
back co a cons cue t ion job by the time of
final channel installation. This is the
reverse of the process that normally occurs
when a new unit is constructed. During the
fuel channel removal phase field work will be
partly carried out by construction trades
Clow hazard work) and partly by operators
trades (high hazard work) After fuel channel
installation is complete, Che units will be
returned to Operations for the recommis~
sioning phase. Thus the phasing of this
project is quite unlike a new construction
project.

(c) All of the field work performed on the
reactor is radioactive work. Thus all
activities regardless of which trades are
performing them must be planned and rehearsed
to the same standards as applied during
routine reactor outages. This demands not
only detailed procedures for reactor work,
but also che creation of specific training
and tool proving functions prior to starting
radioactive work.

(d) The field work is carried out on a 24 hour,
7 day a week basis. Detail planning and a

co-ordinaced supervision both from a quality
and production viewpoint are essential.

(e) The schedule for the job is comparably snort
(2 1/2 years) with the nature of the field
work changing through different phases
relatively quickly when compared to the
construction of a new station.

(f) The replacement of the fuel channels,
although setting che critical path for the
outage, was non-the-less only dealing with
one of many systems in each unit which
required maintenance work during the outage.

In response co these factors, the project
organization has adapted in Che following ways:

(a) To ensure rapid speed up of the design (of
tooling and reactor components) in the early
stages, advantage was taken of the
engineering department already in place for
the Pickering "B" project. This was
supplemented with a dedicated retubing
procurement co-ordinacor Co oversee and
expedite all procurement functions. With
such an experienced team already in place, a
quick start was achieved in the design of
retubing equipment, new reactor components
and che sice facilicies needed.

FIGURE 2
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(b) A large portion of Cne procurement function
for retubing equipment was subcontracted
along with the detail design of much of the
equipment to both Ontario Hydro Functional
Uepartments as well as outside consultants.
This spreading out of the work to various
smaller groups created dedicated design/
procurement teams which would give the
concentrated integrated effort required
between designer, procurement staff, and
manufacturers to achieve very short delivery
times. For example the completion of the
detail design, procurement and manufacturing
of the first large 40 Ton shielding cabinets
wa? achieved in b months*

(c) The field organization (Fig. 2) was
particularly difficult to set up. The fact
the work involved handling of radioactive
materials prior to starting the
re-Installation phase and within an operating
plant under license, meant that the line
structure of the production team had to
terminate with the Operation's Production
Manager (who reports to the Station
Manager). Thus the Construction's
Superintendent's Department staff were
integrated with the Operations Production
•' '.it by having the Foreman/General Foreman
... spond to the Operations Vault Supervisor
while on shift.

(d) The Field Engineering team required skills
found normally not only in Operations
Technical Units (Radiological Work Planning)
but also in Construction (new installations)
and Design (Equipment Design). Accordingly
engineers were attached to the Pickering "B"
Construction Resident Engineering Department
from both the Equipment Design Engineering
groups and the Pickering "A" Operations
Technical Unit.

(e) The work outside of the fuel channel
replacement on the same units, was
consolidated in a special Pickering Upgrade
(Pick-up) Technical Unit reporting to the
Commissioning Manager. (Tasks such as
inspection of various systems, reactivity
mechanisms maintenance etc.) Work on the
retubing is co-ordinated with other work
through joint planning meetings.

PROGRESS/SCHEDULE

The first schedule analysis resulted in
establishing return to power dates of
November 1, 193b for Unit 1 and February 1, 1987
for Unit 2, Up until the time of the C-14
discovery, actual progress was running 1 to 2
months ahead of schedule, with much earlier end
dates being predicted. However the time lost on
the resolution of the C-14 problem and the strike
by CUPE Local 100U (Ontario Hydro Employees
Union) have returned the project back to the
original schedule.

CONCLUSION

Since the decision, in March 1984, to
immediately retube Pickering Units 1 & 2, oany
new situations have been encountered and overcome
and tremendous progress has been made on all
fronts. This could only have been accomplished
by a well coordinated effort between numerous
organizations within and outside Ontario Hydro.

All of these organizations have demonstrated a
high degree of capability and perseverance in
pulling together a project as diverse as this
retubing operation.

It is the intention of Ontario Hydro to
continue in this vein in order to bring Pickering
Units 1 and 2 back to the top of the world
reactor performance charts as expeditiously as
possible.
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LARGE SCALE FUEL CHANNEL REPLACEMENT PROGRAM

UNIT PREPARATIONS FOR P1/P2

D.G. AUSTIN

Ontario Hydro
Pickering NGS-A

Pickering, Ontario

INTRODUCTION

When the decision was made to retube both
Units 1 and 2 at Pickering NGS in March 1984, the
challenge to the station operating personnel was
large. Working together with the Design and
Construction organizations of Ontario Hydro, they
immediately set about the task of defining scope
and designing processes for the work. The
initial split of responsibility proceeded along
traditional lines with the design team
engineering the process, the construction
organization preparing the sita facilities and
the operating group preparing the reactors and
auxiliary systems for the work.

This paper focusses on the last of these
areas, dealing primarily with processes used and
lessons learned in preparing the reactor for the
pressure tube replacement. The overall program
is most easily broken into the five related areas
of:

Defueiling the Reactor

Draining and Drying the Heat Transport System

Draining and Flushing the Moderator System

Relaxation of Containment Requirements

Physical Preparation of Station Systems

Unit 2, being the second or lag unit in the
program, was to a great degree a repeat of the
work performed on Unit 1. This paper will deal
for the most part with Unit 1 activities and only
report Unit 2 results where they were appreciably
different or where significant improvements were
demonstrated.

Defueliing the Reactor

Fortunately, the job which was prerequisite to
all others, that of removing all reactor fuel,
was also the job which was most readily
achievable. From the outset, the required
elements of qualified personnel, approved
procedures and proven equipment were available.

The defueiling process itself was both simple
and straightforward. It was accomplished in one
visit per channel by latching a fuelling
machine onto either end of the selected channel
and pushing a ram out of the upstream machine
to force the twelve bundles of fuel into the
waiting downstream machine. Here, they were
stored, a pair at a time in the six available
magazine positions. Since the upstream
machine's ram was only capable of reaching to
the centre of the core, it was required to
attach ram extensions to the end of the ram
throughout the process to enable the last pair
of bundles to reach the waiting machine. These
extensions were normally resident in the
upstream machine's magazine stations and could
be linked together a section at a time by using
the fuelling machine's rams and retractors.

As can be imagined, the process was a lengthy
one (about 3 hours per channel) and involved
numerous manual interventions by the operator
(416 per channel). This represented well over
160,000 manual operations of the equipment over
a minimum 53 day period to completely dump the
bundles into the storage bay. In practice it
was completed in 64 days without any significant
operator error or oversight. The job went so
well in fact, that there was no time to install
and commission the automated programs for
defuelling, which were being developed in
parallel with the defuelling work.

The experience gained from this exercise
proved the viability of the concept for mass
defuelling at low system pressure. Throughout
the process, equipment failures were rare (only
one ram change was required on all four
machines) and the rams behaved very well at low
pressure, despite high crud levels caused by the
chemical decontamination process.

For possible future core dump situations the
only improvements which might be suggested would
be to have fully operational automatic programs
available up front and to develop an alternative
to the ram extension technique such as
installing a special, long defuelling ram. This
would represent considerable time savings by
eliminating the time consuming process of
assembling and disassembling the ram extensions.



Orain and Dry the Heat Transport System

The objectives in removing all of the water
from the Heat Transport System were threefold.
First, the retube process required a dry
environment for optimal functioning of the
tooling systems. The presence of water would
unduly complicate the maintenance work and
contamination spread problems posed by the tools.

Second and equally important was the manrem
consideration caused by the presence of Tritium
in the Heat Transport water. Drying the system
would effectively eliminate this normally
significant radiation hazard.

Finally, there was a requirement to protect
the unaffected portions of the Heat Transport
system, pipes, pumps and valves from the
potential corrosion threat posed by prolonged
shutdown during the retube. Thus the drain and
dry process had to be compatible with the layup
program which had been established for this
system. The layup program required that the
upper half of the system (all of the system
excluding inlet and outlet headers, feeders and
fuel channels) be drained as much as possible and
put under an N2 gas blanket. The remaining
components (referred to as the lower half of the
HTS) had to be dried completely (because the
presence of oxygen could not be excluded) and
purged continuously with dry instrument air.

Because of the competing and sometimes
conflicting operational considerations of money,
manpower, schedule, the environment and
occupational radiation exposure it was necessary
to first rationalize and prioritize these
objectives within the context of the station
operating objectives. These priorities, shown in
Table 1, were used as guidelines during the
preparation of procedures to keep the job in a
proper perspective.

FUNDAMENTAL SEOUIRENENTS OF 0;0 DRAIN PROCEDURES

1 orner of pr ior i ty)

I . Minimize tr it ium content In final residual Mater.
- *ust he at least < 1 mCl/kg.

1. Minimize man-rem
- "he orocedure selected must be consistent with ALARA considering the

possinfe alternatives.

3. Minimize contribution to station effluent releases
- Must be at leest < O.SX of monthly U n i t

and < n . l l of annual limit (12 x monthly l imit]
and < SOt MPCW on any single release.

4. Minimize cr i t ica l path time
• Time hetween enri of defueliing and start of vault work must be Che

shortest possible.

5. Minimize water Handling, losses and storage requirements
- Minimize drumming.
- Storage only as reactor grade.
• Avoid soillage, downgrading below 0.3* unless water (s to 9e

disposer) of.
• Avoid mixing of htgn aritf low curre water.

<i. Minimize station manpower
-eauiritments 'or:

wits taxing into account

The origin of the target for final residual
water below 1 mCi/kg embodied in priority 1 of
Table 1 is of interest. It can be shown that if
water vapour of this concentration became mixed
in air under typical reactor building
conditions, the resulting airborne Tritium
hazard would be at most equal to the maximum
permissible concentration (MPC) for occupational
exposure. Considering the hazards involved,
this was judged to be the upper bound limit for
work to proceed on retubing. The requirement
stemmed from the assumption that pockets of
residual water might go unnoticed and be
unknowingly uncovered at some later time during
the retubing process.

The process eventually utilized is shown in
Figure 1.

rim* I

dun *m Mr WM nusnxr STSTTW

a) draining
1) storage, JOgradlng and drumming
:' :leanuo
** ''quid waste lannltng and iisoosal.

System Drain

The drain process is shown in two parallel
steps as there were two primary means of
collecting the water. Portions of the system
which had collection systems on them, were
drained accordingly. The feeders, headers and
fuel channels were specifically designed without
drain connections and as a result a special
method had to be devised. The choice was
between using the fuelling machines to remotely
drain or by using a manual draining tool similar
to the one used for draining H2O from a reactor
being commissioned. The fuelling machines
were selected primarily for radiation exposure
reasons and the unavailability of a manual
drainage tool which would become contaminated.
This choice was made at the expense of both
schedule time and risk of contamination of the
fuelling machines, but clearly consistent with
the program priorities.

In practice, the use of fuelling machines
created significant operational problems
throughout the process and resulted in
significant radiation fields on fuelling machine
magazines due to crud settling. Neither of
problems were insurmountable and in retrospect
the selection of draining technique was still
the correct one given the equipment and
technology available. The operational problems
were primarily with getting reasonable drain
rates and determining the end point for each
channel visit.
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System Flush

The selection of 100 Mg of l ight water as the
f i r s t volume of water for the i n i t i a l flush was
based on a c r i t i ca l assessment of worst case,
best case and most probable calculations of
systems D2O holdup. Considering a l l of the
pr ior i t ies identif ied in Table 1 , and the
uncertainly of the v iab i l i t y of the proposed
vacuum assist drying system this volume of water
appeared to be the optimal choice.

DRAIN AND DRY HEAT TRANSPORT
PERFORMANCE

UNIT 1 UNIT 2

EST. RESIDUAL WATER

AFTER FLUSH ft DRAIN

Vacuum Dry

The vacuum dry system was proposed and
designed with a great deal of conservatism. As
it is the subject of a separate paper at this
conference, there is no need to go into a lengthy
description of its design or operation. Suffice
it to say that the purpose of the system was to
effectively remove all remaining water in the
lower portion of the system by promoting boiling
of the residual water. This was accomplished
very successfully by depressing system pressure
to less than 7 kPa (a) and elevating pipework
temperature to the 40° - 70aC range.

VACUUM DRY

RECOVERY

2uflATI0N: ;D

PEAK RATE: 1-0

Drain and Flush Moderator System

Program Performance

The results of the complete drain and dry
process are given in Table 2. During the course
of the work several important lessons were
learned and recommendations for future projects
can be made.

The reasons for removing the Moderator water
from the reactor building were twofold. First,
the high specific activity of the water
(23 Ci/kg) and the shear volume of the system
(~270 Mg) represented a significant radiation
hazard to workers in the reactor building.
Removal of this 6 MCi source to safe storage
seemed a prudent measure.

I. The successful drying of the HTS under Vacuum
means that in future, the fill and flush part
of the process can be eliminated.

2. Extra consideration should be given in future
projects to provision of a separate draining
device which could be fast, reliable and
operated by personnel in low radiation
fields. Fuelling machines proved to be
maintenance intensive and slow.

3. The amount of holdup in Unit 2 was halved by
having the fuelling machines withdraw the
shield plugs into the magazine during the
draining. Thus it was concluded that the
shield plugs were causing significant holdup
due to flow restriction. This should not
present a problem in future and the holdup can
be ignored if a vacuum dry process is
employed.

Second to this was the consideration of the
environmental hazard this water would pose if
the containment system were to be breached. As
it had been proposed to open up the airlocks on
the reactor building for easier access during
the retubing, the removal of the Tritium source
became a prerequisite to the relaxation of
containment constraints.

As with Heat Transport water, dilution was
the solution and a drain and flush was
proposed. Clearly the objective had to be to
minimize residual Tritium concentration to
manageable levels consistent with the other
priorities shown in Table 1. Figure 2 however,
demonstrates clearly the problem which was faced
in handling moderator water.

As this system was to be left laid up in an
operating state (ie. full of light water) a
simple drain and flush could have resulted in a
significant water handling problem. Figure 2
demonstrates dilution lines for the HTS and
Moderator water respectively. The graph is
divided into regions to show how water with
different isotopics and radioactivity
concentrations are handled in the station.



Relaxation of Containment

Region 1: Can ne economically recovered in
station upgraders.

Region 2: Can be released to the environment
measured but undiluted.

Region 3: Requires processing in Active Liquid
Waste Management system.

Region 4: Specific Activity too high for Active
Liquid Waste Management system. (Too
radioactive to release, very costly to
upgrade.)

Otlution Plot For PI/P2

0001 001

iuia conc«ntxation

=IGURE 2

To allow more expeditious movement of large
components such as shield boxes, flasks and long
tools to and from the reactor building, it was
decided to set up conditions which would permit
simultaneous opening of both doors of selected
airlocks. In addition, this would permit the
relaxing of testing requirements on the
temporary penetrations required to support vault,
systems and also reduce significantly airlock
breakdown maintenance.

To obtain the approval of the regulating
authority to permit such action, two
requirements had to be met. Firstly, it was
required to demonstrate that the functional
requirements of the station containment,
structure were unaffected by the airlock
opening. The second requirement was to develop
an operational strategy to ensure the functional
requirements would be preserved throughout the
job and could be restored to normal following
completion of the project.

Reactor Building Functions

The four functional requirements which had to
be preserved were:

Thus the problem with diluting the Moderator
system holdup was to avoid ending up with water
in Region 4. This was accomplished by a three
stage drain and flush program which resulted in
two dilutions of 50 Mg of water to points 1 and
then Z on the graph (the first flush was drained
before the second started) and finishing with a
final flush of 270 Mg of water to less than
1 mCi/kg of Tritium, well into Region 3. The use
of the two small flushes prior to the final flush
both minimized water handling and upgrading loads
and provided data to ensure that the resulting
isotopic of the second flush could be kept inside
Region 1 but as close to the line as possible.
This maximized the effect of the final flush.

In practice, it was the ability to effectively
drain this system which permitted the succession
of small flushes to work. Residual hold up
following each drain was less than 2 Mg. This
meant that a dilution ratio of 25 to 1 was
achievable on each flush of 50 Mg of water. In
fact, had it not been necessary to have a minimum
of 50 Mg of water in the system to permit
circulation via the Moderator pumps, smaller
volume flushes would have been used. This would
have further reduced the costs of handling and
upgrading without making an appreciable
difference on the final residual Tritium levels.

1. Reactor Safety

2. Emission Control

3. Contamination Control

4. Access Control

Reactor safety was addressed in two ways.
First, as far as Units 1 and 2 are concerned,
defuelling and dewatering have guaranteed that
heat production in the building is negligible
and therefore, reactor vessel integrity is
assured.

The second area of concern arose from the
fact that the two reactor buildings form only a
part of a station wide containment system. Each
reactor building is joined at its boiler room
level to a long rectangular pressure relief duct
which acts as a relief header to connect
individual reactor buildings to a single vacuum
building. It was, therefore, a requirement to
exclude the Unit 1 and 2 reactor buildings from
this containment envelope prior to opening them
up.

This exclusion was provided by erecting an
isolation boundary inside each building at the
bulkhead connection to the relief duct. The
location of this bulkhead is shown in Figure 3.



The operational constraints within the
station were essentially twofold. First,
pressurizing the relief duct with five other
operating units connected to the duct was not
possible without incurring considerable expense
in lost production and labour. Secondly, it was
not readily advisable to prepare either PI or P2
reactor buildings for a full 42 kPa(g) pressure
test when comparing the consequence of bulkhead
failure under such a test ".o the marginal
benefit between a partial and full pressure
test. (ie. the marginal advantage between a
high risk and a low risk potentially destructive
test).

The program eventually agreed to was as
follows:

1. Individual testing of each aluminum panel on
a test frame for leak tightness and
mechanical integrity at i 42 kPa(d).

tIACTOI IUILDINO
2. Testing of each reactor building isolation

bulkhead to demonstrate leak tightness at
30 kPa(d) applied from the reactor building
side.

The isolation bulkhead itself consists of a
matrix of 8 mm thick aluminum plates bolted to an
array of 'I' beams which are welded to an
embedded part in the reactor building
construction itself. The panels were installed
on the relief duct side of the 'I' beam array and
sealed to the structure by applying compression
between a silicone rubber gasket bonded to the
aluminum and the 'I' beam surface.

The precompression applied to this seal
creates an effective leak free joint that ensures
the bulkhead is capable of withstanding 12 kPa(g)
differential pressure applied in either
direction. This is well in excess of the
expected worst case peak pressure transient which
could occur in the event of a large loss of
coolant accident on an operating unit.

By installing the plates on the relief duct
side, the existence of a positive pressure inside
the containment envelope acts to further compress
the silicone rubber seal. They were installed
this way because leakage out of the containment
is clearly worse than leakage inwards.
Nevertheless, the requirement to seal leak tight
in both directions meant that a testing program
had to be developed and demonstrated while
recognizing the operational constraints within
the station.

3. Ouarterly bulkhead inspections to assess
physical condition and confirm adequate
precompression retained on seals (ie. seal
creep minimal).

4. Twice monthly pressure testing at ± 42 kPa(d)
of a sample panel on a test bed at site to
confirm leak tightness thereby demonstrating
the effect of any seal creep/deterioration is
minimal.

The second functional requirement, that of
control of radioactive emissions from the
reactor building, was maintained by ensuring
that releases through airlock or cable
penetrations were prevented. This is
accomplished by setting the ventilation system
up to guarantee air movement into the building
at all openings. Thus, all releases are via the
normal ventilation stack which is a monitored
and filtered pathway.

Contamination control and access control
procedures were unaffected by relaxing
containment as neither are dependent on airlock
doors as barriers.

Control Strategy

Having satisfied the reactor building
functional requirements, a strategy to control
the opening of the containment boundary was
established. It was decided that the degree to
which containment could be relaxed would depend
upon the reactor building conditions at the
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time. This approach to system operations is
similar to existing philosophies on operating
units where the limits of safe operation of a
reactor are dependent direr.tly on safety system
availability. What this means is that provided
certain conditions were being met, it would be
permissible to have a certain size of boundary
opening. As conditions got worse, the permitted
opening size would decrease. In certain extreme
cases where reactor building functional require-
ments were jeopardized (bulkhead breached,
ventilation failure, etc.) immediate establish-
ment of normal containment operation would be
required.

To support this strategy three additional
requirements had to be met.

1. The airlock had to be maintained in a state
which would make them readily available. This
involves routine testing and the installation
of removable protective covers for seal
surfaces and other critical parts of the door.

2. The integrity of the reactor building had to
be verified on an ongoing basis to ensure it
was not being allowed to deteriorate under the
relaxed condition.

3. Contingency plans in tne form of operating
instructions had to be prepared and approved.
These would be available to permit unforeseen
conditions to be handled safely.

The work had three overall objectives.

1. Prepare physically the reactor building
Fuelling Machine Vaults for the start of
work.

2. Prepare the reactor building and adjacent
powerhouse structures to accommodate the
retube material transport systems and to
support in-vault activity.

3. Provide all required services to the process
including air, water, power and communica-
tions systems.

In all, the program contained over seventy
separate projects. Some were as minor as
repairing floor surfaces to minimize damage
caused by movement of heavy transport flasks,
while others involved removal of walls and
relocation of instruments and pipes. Some
projects involved temporary changes such as the
removal of Fuelling Machines and other excess
weight from the FM bridge drive, while others
were more permanent.

In all, the program was essentially complete
by January 1985. It is believed that handling
these ancillary jobs as a single project,
contributed significantly to the smooth, rapid
and steady progress which has been made on the
project through to March of this year.

In conclusion, the relaxation program was
accepted by the AECB and approved for both
units. It was implemented in January 1985 on
Unit 1 as a staged program and approved for Unit
2 in February 1985. In March 1985, consistent
with the contingency plans established,
containment was reinstated on both units pending
analysis and resolution of the problem of
airborne particulate contamination (primarily
Carbon-14) resulting from the retube process. At
present, containment is still in effect and
future relaxation will depend on the ability to
demonstrate control of airborne particulate
hazards.

Physical Preparations of Station Systems

To accommodate and support the retube process
tooling systems, significant modifications and
additions to existing station systems were
required. This work was embodied as a separate
program which occurred 1n parallel to the four
preceding programs and was for the most part
transparent to those activities.

Conclusions

As the foregoing attests, the preparation of
Units 1 and 2 at Pickering NGS was a highly
successful operation. In consideration of the
time frame in which the reality grew from the
concept, the execution of the program was
certainly remarkable, if not exceptional.

The reasons for this success are rooted in
the fact that a well organized and consistent
approach to problem solving was mated with work
forces who accepted the challenge and rose to
meet it head on. The sense of trail blazing
that existed at the time and the opportunities
to innovate on the run were significant
contributors as well.

It is hoped that the lessons learned
throughout this process will not be forgotten
and when, in future, the requirement arises to
repeat this job, it is certain that things can
go even better.
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ABSTRACT

In early 1984, decontaminations of the Pickering
NGS Units 1 and 2 heat transport systems were
carried out. These decontaminations reduced
radiation fields 1n front of the reactor face by up
to a factor of 10, and resulted In radiation fields
of 50 to M O mR/h. These decontaminations were
carried out using an Improved version of the
CAN-DECON process. This paper describes the
development of the process and Its successful
applications at Pickering NGS.

INTRODUCTION

The Pickering Nuclear Generating Station has seven
515 HM(e) CANOU pressurized heavy water reactor
units In service with an additional one under
construction. Developed Jointly by Atomic Energy of
Canada Limited and Ontario Hydro, the reactor design
utilizes the pressure tube concept.

Reactor maintenance or Inspection requires work be
carried out In the reactor vaults. Radiation fields
within the vault 1s caused by neutron activated
corrosion products on the Internal surfaces of the
heat transport system reactor face components. The
radiation fields from these components, mainly
carbon steel feeders and stainless steel end
fittings. Is predominantly from Co-60. To reduce
radiation dose to maintenance workers 1n the reactor
vault, decontamination of the heat transport system
1s highly desirable.

Within Ontario Hydro decontamination of heat
transport systems 1s carried out using the CAN-OECON
process. This process Involves the addition of
organic addle reagents to the coolant to form a
1 g/kg D2O solution that will dissolve and complex
the corrosion product oxide layer and contained
radioactivity. The solution Is circulated through
cation-exchange resins 1n the purification circuit
to remove complexed metals, and thereby regenerate
the reagent. Nixed bed resins are subsequently used
when the cation resins are exhausted to remove both
the reagent and the remaining corrosion products
from solution. Filtration, In the form of submicron
cartridge filters Installed 1n the purification
circuit, 1s used to remove fine particuiate crud
produced during the decontamination.

Early development of the CAN-OECON process between
1970 and 197S led to U s successful application at
Oouglas Point NGS in 1975. Subsequent failures to
duplicate the Douglas Point NGS success at Pickering

NGS 1n 1981 and 1983 clearly underlined our need for
a development program to understand both the
empirical process and the systems we were attempting
to decontaminate.

Results from this development program were
instrumental 1n the successful decontamination of
Pickering Units 1 and 2 In 1984.

This paper describes the development of the
CAN-DECON process and Its successful 1984 Pickering
NGS applications.

DEVELOPMENT

The CAN-DECON process was developedO) jointly
by Atomic Energy of Canada Limited and Ontario
Hydro. Development began 1n 1970. Extensive loop
tests were carried out at AECL's Chalk River Nuclear
Laboratories to demonstrate:

- The ability of the process to decontaminate.

- Its corrosion behaviour to materials 1n the CANOU
heat transport systems.

- Its effect on mechanical components of the heat
transport system such as valves and pump seals.

The loop tests led to 3 successful tests of the
process at NPO NGS. The decontamination chemicals
could be added, removed, regenerated and used to
decontaminate.

This development program culminated 1n 1975 with a
full scale decontamination of Douglas Point
NGS.(') The decontamination factors achieved on
the heavily contaminated heat transport system were
dramatic. For example, they ranged from 3 to 6 on
the reactor face and resulted 1n significantly
reduced station radiation dose.

The successful Oouglas Point NGS decontamination
completed this phase of CAN-DECON development.
Although the process was largely an empirical one,
the success at Douglas Point provided confidence it
could be applied successfully to CANDU reactor
systems.

r

Due to much lower radiation dose rates at
Pickering NGS compared to Douglas Point NGS,
decontamination was not anticipated to be required
except for a major maintenance effort such as
reactor retubing. However, as a contingency for
such a possibility we did procure an enlarged
purification system. The system was simply a
scaled-up version of that used at Douglas
Point NGS.*2)



The first opportunity to use this system came 1n
1981.(3) A design review for large scale fuel
channel replacement at Pickering Indicated
significant cost savings would be realized 1f a high
decontamination factor could be obtained. A
development program In a small loop showed that a
modified process could achieve very high
decontamination factors on small coupons. This
process when applied to Pickering Unit 1 failed.
The failure was attributed to an Inadequate
development program.

In March 1983, a second decontamination was
attempted at Pickering. The process used this time
was a duplicate of that applied at Douglas Point NGS
1n 1975. Again the process was Inadequate, and
failed.

One measure of the success of a decontamination Is
the specific activity of Co-60 relative to Iron 1n
the decontamination solution. Two competing
reactions occur during a decontamination-corrosion
and oxide dissolution. For a perfect
decontamination, the specific activity of Co-60 will
be the same as the corrosion product oxide on the
piping walls. For a total decontamination failure,
corrosion wiff 6e the sofe reactfon and the specific
activity will be zero. in real decontaminations,
the specific activity lies In between these two
values. Increasing with the relative oxide
dissolution rate and decreasing with Increasing
relative corrosion rate.

The March 19B3 specific activity of Co-60 1n
solution 1s shown 1n Figure 1. An Initial Increase
1n specific activity caused by reagent Injection was
followed by a rapid decrease. This reduction 1s now
Interpreted as a relative Increase 1n carbon steel
corrosion rate together with reduced oxide
dissolution. After 22 hours a second Injection of
reagent Increased the specific activity 1n solution
indicating that again oxide dissolution had
Increased. However, as with the Initial reagent
Injection, corrosion rapidly returned and specific
activity fell. Overall, the average specific
activity of Co-60 1n solution was relatively low,
consistent uith a poor Hscontamtnafior) - there was
relatively more carbon steel corrosion than oxide
dissolution. It should be noted that the corrosion
observed, although high enough to interfere with the
decontamination process, was not of concern as
related to system Integrity.

Me now recognized that to successfully apply the
empirical CAN-OECON process we must obtain a greater
understanding of both the process and the systems we
were attempting to decontaminate. A program to gain
this understanding was Initiated with Industry-wide
participation. The target was to provide a process
capable of successful decontamination of Pickering
Unit 2 in 1985.

In Hay 1983, a repeat decontamination at Oouglas
Point NGS was attempted. Modifications to the
chemical addition strategy were made based on
experience obtained at Pickering NGS. The
decontamination was even more successful than the
1975 decontamination at Oouglas Point NGS. This
clearly emphasized our need to understand a process
successful at Douglas Point NGS, but unsuccessful at
Pickering NGS.
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FIGURE 1: SPECIfIC ACTIVITY PNGS UNIT 1, 1983

The failure of Pickering's G-16 pressure tube 1n
August 1983 changed the decontamination development
schedule. In late November 1983, a decontamination
of Pickering NGS Unit 2 was requested to be carried
out 1n early January 1984 to reduce the radiation
dose required for pressure tube Inspection.
However, before proceeding to Pickering, although we
Intuitively believed we had a superior process, U
was considered prudent:

- to better understand the o*ide on the carbon steel
to be decontaminated.

- to test the modified process In a full scale heat
transport system decontamination.

Both of these were carried out at UPD, in December
1983. A sample of a carbon steel feeder was
removed, and a demonstration of the modified process
completed.

The specific activity of Co-60 1n solution during
the NPO decontamination 1s shown 1n Figure 2. For
the first twenty hours of the decontamination,
systematic variations 1n the reagent addition
strategy were carried out. The effects of reagent
addition on the relative rates of corrosion and
oxide dissolution were observed. After twenty hours
a corrosion Inhibitor was added. This produced a
sudden change 1n fie rate of corrosion allowing the
solution specific activity to Increase. From the
NPO demonstration we concluded that the use of a
corrosion Inhibitor and a modified chemical addition
strategy would both bt key factors 1n controlling
future decontaminations.
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FIGURE 2: SPECIFIC ACTIVITY NPD NGS, OECEHBER 1983
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FIGURE 3: SPECIFIC ACTIVITY PNGS UNIT 2,
JANUARY 1984

The wisdom of removing a feeder from the heat
transport system was clearly demonstrated. At NPD
the oxide on the feeders was much greater than we
anticipated and because of limited Ion exchange
capacity our decontamination factors were reduced.
Even so, the decontamination showed that Improved
decontamination results could be achieved.

At this point we felt we had a process we could
apply to Pickering NGS.

PICKERING DECONTAMINATIONS

The utility of obtaining a sample from the system
we were attempting to decontaminate was clearly
shown at NPO.

Accordingly, we decided to remove a feeder section
from Pickering Unit 2. The oxide on this feeder was
twice as thick as that at NP0.(4) Calculations of
Iron to be transported during the decontamination
Indicated there was limited 1on exchange capacity.
This would limit the decontaminotion factor
achieved. A factor of 2 was predicted for the first
decontamination. The actual results wjre close to
those predicted.

The specific activity of Co-60 1n solution 1s
shown 1n Figure 3. The specific activity was high
and virtually constant for the entire
decontamination. This suggested that with
additional 1on exchange resin higher decontamination
factors could be achieved. No limit was apparent.
Although the decontamination factors were not high,
this was the most successful decontamination to
date. This success contributed to the decision to
proceed with retubing of Pickering NGS Units 1 and 2.

A repeat decontamination of Unit 2 1n April 1984
confirmed our confidence In the process. Overall
decontamination factors at the reactor face of up to
ten were achieved. Post decontamination radiation
fields of 100 to 140 mR/h have permitted the longer
work times In radiation fields necessary for
retubing.

Figure 4 shows the reduction 1n radiation field at
the reactor face before and after the two
decontaminations. Before the decontaminations,
radiation fields Increase with height (or reactor
channel row) by a factor of three. The reason for
this 1s the high contribution of feeders to reactor
face fields. There are a high concentration of
feeders at the top of the reactor face. After the
decontamination the height dependence of radiation
fields had all but disappeared consistent with the
very high radiation field reductions on carbon steel
feeders (by factors of 20 to 40).
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FIGURE 4: REACTOR FACE RADIATION FIELDS
PNGS UNIT 2

Figure 5 shows the progress of radiation field
reduction of the two unit 2 decontaminations. A
col Unrated gamma spectrometer pointed at the reactor
face was used to monitor progress during the
decontamination. In most of the January
decontamination radiation fields fell slowly. Me
believe this occurred because the Mone1-400 steam
generators In the decontamination fiowpath were
preferentially decontaminated. Toward the end of
the January decontamination, the steam generators
were clean. Carbon steel and hence reactor face
decontamination rates then Increased. This trend
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continued into the April decontamination. In Hay
1984, Unit 1 was decontaminated. Final radiation
fields achieved were even lower than those 1n Unit
2. They ranged from 40 to 110 mR/h.
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FIGURE 5: REACTOR FACE GAMMA SURVEY PMGS UNIT 2

Figure 6 shows the reduction 1n radiation field at
the Unit 1 reactor face. Lower radiation fields
were achievable because Initial radiation fields
were also lower.
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2. Perhaps not as obvious 1s the fact the process
Is still empi'lcal. We must complete the
development program begun 1n 1983. Unf we
better understand the decontamination pi ..cess
and the systems we are attempting to
decontaminate, reliable decontamination results
are not assured.

3. The volume of 1on exchange resin provided at
Pickering for decontamination Is Inadequate. A
system decontamination should be carried out
without having to stop and replace exhausted
1on exchange resins. Additional 1on exchange
resin capacity Is being procured.
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CONCLUSIONS

It 1s obvious from the results of the Pickering
decontaminations that we now have a process
capable of heat transport system
decontamination.
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PICKERING LARGE SCALE BUEL CHANNEL REPLACEMENT
SITE FACILITIES FOR TOOL PROVING AND TRAINING

R.J. JESSOP, P. ENG.
T.R. WXJRE, P. ENG.

Ontario Hydro
Pickering, Ontario

ABSTRACT

In order to accortmodate a large manpower force
and complex remote tooling, a training and mock-up
building was provided to support large scale fuel
channel replacement at Pickering. This paper
reviews the history of mock-ups and the evolution
of the design requirements for the building. It
then details the problems encountered in the
design and construction of the facility and
finally examines the implementation of tool
proving and training programs.

msaxa ce MOCK-UPS
In order to accommodate tool proving and

training, mock-ups have always played an essential
part in the rehabilitation of Candu Reactors.

The Nuclear Power Demonstration (NPD) at
Rolphton was the first power reactor to have a
complete set of maintenance tools for fuel channel
replacement on a single channel basis. A simple
mock-up consisting of one complete fuel channel
located between two 1 X 3 lattice tube arrays,
which were mounted on supporting stands, was set
up in a warehouse. Tool proving and training were
done using this mock-up and channels have been
replaced as part of investigations into P/T
performance.

In 1974, when failures occurred with the
pressure tubes (P/T's) in Pickering Units 3 and 4
(caused by overextensicn of the P/T's in the
rolled joint area) and it was found necessary to
replace a number of fuel channels, there was very
little in the way of nock-ups and tooling
available. Two simple mock-ups, similar to those
at NPD, together with tooling and small shield
cabinets were supplied as quickly as possible for
replacement on a single channel basis. A total of
b9 fuel channels (excluding calandria tubes) were
replaced between 1974 and 1976.

URGE SCALE EUH. CHMMEL REPUCBtMT (LSFCR)
STUDIES

Because of the creep and growth expected in the
pressure tubes, the Pickering "A" Large Scale Fuel
Channel Replacement Study was undertaken. Phase
II was initiated in 1978 with a mandate to
determine the procedures and tooling that could be
used to replace all the fuel channels in Pickering
"A". One of the recommendations was a number of
new site activities bo support the work, including
a separate Training and Mock-Up Building (TMB).
There were two key reasons for recommending a
complete facility rather than a simple mock-up.

The large manpower force required to be trained
because of the expected high dose expenditure in
terms of man-ran

A later study completed in November 1983
predicted a requiranent of 800 and 2100 men ±25%
for Units 1 & 2 respectively in the first year.

The increased complexity of the tooling

More sophisticated remotely controlled tooling
was suggested, which greatly increased the
training requirements over those needed for the
simpler tooling supplied for single channel
replacement. By providing training facilities,
personnel exposure to radiation could be reduced.

DESIOI raauiRMins FOR TWUKQC AID MDCK-UP
BUILDING CDS)

The guiding principles in specifying design
requirements for the TMB were to ensure that a
high level of occupational and radiological
safety, including minimization of man-rem
expenditure, as well as high quality for
reinstallation, were going to be achieved during
the LSECR program at Pickering.

These principles translated into four specific
design requirements for the TMB. The facility had
to be able to accommodate.

Training of personnel who would be working in the
Reactor Building (RB) during

The intent was to reduce man-ran exposure by
ensuring personnel were fully acquainted
with tooling, procedures and hazards prior to
starting work, thus maximizing efficiency and
minimizing dose and cost.

Conmissioning of tools and equipment to be used in
the RB during LSPCR

It was proposed to improve the tools and
equipment supplied for single channel replacement
for use with large scale retubing. Besides
modifications to existing designs, major new tools
were considered necessary, these included: -
remote manipulating equipment, full length work
platforms and shield cabinets and equipment to
shock heat pressure tubes frcm end fittings.

Any new product undergoes a cycle of conceptual
design, manufacture, functional testing and
further refinement; facilities have to be provided
for functional testing.
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Testing of materials handling procedures

A number of large pieces of equipment had to be
roved in and out of the RB, including shield
cabinets, in-station flasks (for transporting
irradiated components) and fuel channel
components. Means of checking for interferences
in handling this equipment v>ere required.

Proving installation procedures and adequacy of
success

The procedures for fuel channel replacement
required the integration of a number of tools from
different suppliers and the equipment had to be
checked as a full system.

SMJIAITON

Based on the above design requirements, a
number of components were identified as needing
simulation. (See Figure #1)

Relevant areas of Reactor Building

Fuelling Machine (F/M) Vault
North Accessible Area
Reactor Auxilary Bay
F/M Vault Air Conditioning Units
Personnel and Equipment Airlocks

This was predominantly to check the
interference aspects associated with installing
major tools and equipment - as wall as removal of
major components.

figure 1
REACTOR BUILDING MOCK-UP

Shielding Cabinet, F/M Bridge and Fuel Channels

This was to simulate the immediate uorking
environment on the reactor face.

tolling Shield

This was to simulate the obstruction causing
materials handling difficulties in the F/M Vaults.

Control Centre

This was to allow operation of remote handling
equipment for training of operators.

DESIQSI & CONSTHJCTION CF EUU, SIZE KXX-UP

In March 1984, when retubing was given the go
ahead, Pickering faced the challenge of designing
and building the facility and having training and
management control programs in place within 6
months. The initial difficulties involved coming
to grips with the requirements. In setting the
criteria for the facility, certain facts had to be
established, the most far reaching of these was
whether or not the full reactor face had to be
represented.

There were no existing buildings on site vrtiich
could house a full height calandria, so time was
spent debating if. a partial height nock-up viculd
suffice. Training requirements were estimated and
different locations investigated to try and answer
the problem. As this facility could be required
for up to two years for units 1 and 2 with
possible utilization for future retubing or even
other forms of retraining or equipment proving,
then it had to be a facility that would not be of
a temporary nature. One of the determining
factors in selecting the type of facility required
was sane form of cost/benefit analysis.

Of the alternatives considered to house the
TMB, the original concept of a new facility was
assessed at over ?1 million as being too costly
and M3uld leave a surplus building in the future.
The three alternatives which were most viable
were:

a) using an existing warehouse as is,
b) raising the roof on the existing facility

(to provide full face accomrcdation), or
c) an addition to the existing warehouse

(full height).

The addition to the existing building was
chosen as the most cost effective arrangement and
it also provided a number of additional benefits
such as additional training area, classrooms and
some space for LSFCR related warehouse activity.
The cost was approximately ?900 thousand of which
$180 thousand was required to relocate most of the
existing construction warehouse inventory and
office operation.

Other major areas of concern in designing the
facility are dealt with next.

Calandria Platform

Simulation of the calandria had been specified
under the preliminary design requirements as a
fixed platform arrangement which the simulated
fuelling machine bridge could access. Having
assessed the requirements for training, ic was
felt that there might be a need to access all
specified locations of end fittings.

Since site already had some experience in
designing elevating platforms for pressure tube
installation during constructicn of the units,
that experience was applied to these needs. The
platform is elevated by means of independent
electric hoists, which can be synchronized, and it
is then bolted off to support columns at any row
of the reactor face matrix.
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Floor

The floor of the addition was designed as a
floating slab independent of the building shell
foundation, capable of carrying the calandria
support columns, the F/M bridge columns and live
floor loads of 20,000 pounds from a transfer
flask. With sumps to represent the F/M bridge
recess, the floor was in places over 3 feet
thick. The building shell being a rigid steel
frame was supported on concrete caissons augured
30 feet into the underlying substrate.

Shield Cabinet

The shield cabinet had to simulate both
dimensionally and functionally the original full
scale shield cabinet. The real shield cabinet was
estimated to weigh approximately 55 tons, mainly
because of the heavy shielding walls to protect
the workers from radiation. It also contained
relocatable windows so that an opening within the
wall of the shield cabinet could access any end
fitting; the closures for these windows were also
heavy shielding plate which hung on rollers off
the front face of the shield cabinet. In order to
avoid expensive support structures, the shielding
dimensions were duplicated by using a frame and
steel plate skin assembly.

The roof of the shield cabinet had to be
designed to support two types of cranes which
would handle tools and components. Within the
Shield Cabinet there was also the requirement for
accommodating a remote work station (RWS) - a
travelling platform which could move from one end
of the shield cabinet to the other and could
support any tooling and equipment. Some of the
difficulty encountered in fabricating the shield
cabinet was the precision required to accommodate
the overhead cranes and the RWS, both of which had
to travel on a very precise rail. The overhead
crane rail was actually machined into structural
components of the shield cabinet roof and the
tolerances specified by the design description
could not be met by the machining process. Some
compromise was made through negotiations with the
company who manufactured the cranes.

F/M Bridge

The shield cabinet was to sit on top of the
fuelling machine (F/M) bridge. In order to
simulate the deflections that would be
encountered in the F/M bridge, the size and
stiffness of the F/M bridge mock-up were made
quite similar to those in the real one.

The real F/M bridge is elevated by four screw
jacks, two on either end, this would have been a
very costly means of elevating the F/M bridge
mock-up. Chain supported electric hoists are thus
used to position the fuelling machine bridge
mock-up to wherever it is required on the
calandria face. This arrangement is similar to
that provided for the calandria deck and the
bridge is bolted off for safety reasons once it is
brought to the proper elevation.

Rolling Shield

The rolling shield mock-up was another item
which was difficult to simulate. It was designed
identical to the real rolling shield except for
the support arrangement for the front shielding
portion. In the real one, it is cantilevered, but
in the mock-up, front support wheels are provided
to take the loads.

Equipment and Services

Numerous services were needed including service
water for cooling purposes, oarpressed breathing,
instrument and service air, as well as both AC and
DC electric power varying from 14V (DC) to 600V
(AC).

The most difficult item to acquire in the time
available was the breathing air system. Atlas
Copco became the supplier of the system and was
only a few weeks short of the specified delivery
date.

The full in service usage of these systems was
short of the desired date, however, early training
was begun knowing that to wait would delay start
of the retubing program.

Schedule

To construct a TMB and have it operating before
the end of 1984 was in the beginning considered
almost impossible to achieve, because of the short
lead times. However, using acceptable means of
letting a contract, the target date far completion
became 01 October 1984. The bare facility was
ready by 15 September, and the TMB became fully
functional 1 month later.

FUEL CHMKEL MXK-UPS

With the proposed accelerated schedule for
retubing Pickering Units 1 and 2, in which there
was only a two month stagger between both units,
it was realized that besides the full size
mock-up, additional simple fuel channel mock-ups
were required in order to satisfy the tool proving
and training demands.

The fuel channel mock-ups were thus designed on
a modular basis. The basic module is a 3 X 3
lattice tube matrix, which is attached to a
portable support frame. Fuel channel components,
such as end fittings (E/F) and bellows, as well
vertical or horizontal feeder arrangements, can be
mounted on the 3 X 3 matrix. Tha 3 X 3 matrices
can be used either singly or with the use of a
connecting frame, doubly so that full length
pressure tubes (P/T) and calandria tubes (C/T) can
be connected between them.

Figure *2 shows the requirements predicted for
these mock-ups in September 1985, which have
proven reasonably correct to date. The mock-ups
have been used in isolated areas of the warehouse
as well as on the deck, simulating the calandria,
in the full size mock-up.
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FIGURE =2
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In order to eliminate the need to destroy fuel
channel components during tool proving and
training for the removal activities, some
components were modified to allow non-destructive
testing.

1. Three E/F's were bored out on the inboard end
so that a simulated liner tube and P/T could be
'Lid in and out to allow repeated P/T and liner
tube cuts as required on the same E/F.

2. The same three E/F's were modified with a
removable bolted section in the area of the E/F
severing operation so that the severing could
be repeated on the E/F.

3. Four E/F's were modified with detachable
inboard ends so that the P/T rolled joint area
oould be changed during shock heating and
rolling of the new P/T.

4. Detachable weld rings were mounted on a
modified E/F for bellows weld cutting,
deburring and gauging.

5. Carbon steel pipe was machined up to length and
diameter to simulate surrounding inboard E/F
stubs on the mock-ups.

Figure #3 shows how some of the above
components were incorporated into a 3 X 3 matrix
for training on the outboard stub removal
activity.

'igu rp 3
OUTBOARD STUB REMOVAL MOCK-UP

USE OF TRAINING ftD MXK- UP BJI1DING

The TMB has been fully integrated into the
Early Retube project and is the central point for
supplying qualified manpower and proven tools.
This integration was not without a number of
teething problems.

In a sense, the TMB is a funnel through which
all personnel, tools and procedures must pass
before work can commence. In perspective there
are some 286 types of tools and 58 activities that
have to be proven. With the advancement of the
start date for the project, the TMB was under
pressure from a number of factors, the most
notable being:

Tool and FjT"pment Deliveries

There was heavy front end loading because of
the major pieces of equipment required to start.
Also, tools were being delivered narrowly in time,
creating scheduling difficulties with tool
proving.

Information Shortages

With the same pressures on the tool suppliers,
often tools were arriving at site without drawings
or technical documents. This meant that time
would be lost whilst tools were evaluated and
designers consulted in order to write tool proving
procedures.

Work Procedures

Since work procedures were being developed in
parallel with the proving activities,
modifications that were found necessary to tools
in turn created further delays as procedures were
corrected.

Despite these difficulties, the TMB has not
created delays in the work and recent long
duration activities have allowed tool proving and
training to settle to a more even Keel. The only
feature of the TMB that has not received extensive
use to date is the elevating central platform of
the' simulated calandria. However, it may prove
useful in assessing some of the activities not
completed at this date.

An unexpected use of the TMB has been in the
area of Public Relations. The facility has
allowed both the public and the media to gain an
appreciation of the work involved in retubing the
reactors.

The methods for handling tool proving and
training will now be discussed.

Tool Proving

In order to ensure all tooling and equipment
meets intended design requirements, a tool proving
procedure is written. The procedure addresses
steps to verify tooling meets both system and
detailed design requirements as well as interfaces
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with other tooling and components. The tool
proving may involve the single tool, sample
testing for tooling with non-moving components or
integrated testing with other tools to prove a
complete activity. Any changes as a result of
tool proving are fed back to a Planning and
Procedures Group so that vrork plans can be
modified.

An inventory control system for the tooling has
been devised and is administered from the TMB,
once a tool has been successfully proven, it is
identified in the tool control system and colour
coded.

One of each tool type is designated as a
training tool and is coded differently so that it
remains in the TMB for both training and trouble
shooting purposes.

Figure #4 shows the volume of tools that have
been proven. Sixty percent ha"e required
modification in various degrees. Hie
modifications have fallen into two categories;
either, the tool failed functionally because of
coiiponent failure or incompatible interface or,
improvements were reccmnended after the tool was
placed in the hands of the user. Sane of the tool
proving also spurned other new tooling to resolve
procedural difficulties; in fact, 123 tools have
been procured by site personnel to date.

Although tcol proving has caught the majority
of the functional problems, failures have still
occurred during reactor work. These failures have
generally resulted from component failure after
high usage. The facilities in the TMB have been
used to investigate and resolve these problems.

FIGURE #4
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radiation norkars, it was decided to provide
additional measures of safety and a two day course
was designed to provide basic information
that allows persons with limited knowledge of
radiation to function safely in the reactor
building. The information addressed hazards ( ̂  ,
B, n, airborne and surface contamination) protec-
tion (time, distance, shielding, decontamination,
protective clothing), instrumentation, dosimetry
(limits, dose control) and control of contamina-
tion (zoning, rubber areas), amongst other topics.

The second area addressed was specific task
training. Training and qualification procedures
are written for each activity and contain three
elements. Firstly, classroom training is given
identifying Mark sequence and potential hazards.
Secondly, "hands-on" training with the different
tools to be used in each activity is carried out
on one of the simple mock-ups. Finally,
competence is demonstrated by undergoing a
rehearsal on the full size mock-up.

Although the manpower force has been less than
expected, due to the success of candecon
decontamination in reducing man-rem exposure, the
volume of training has been quite high because of
the number of different activities - See Figure
#5. The activities range in complexity from the
use of one tool for closure plug removal to
forty-five tools for the semi-remote removal of an
inboard end-fitting stub.

Figure #5
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In devising training programs, two specific
areas were addressed. The first was radiation
protection training. Normally, a worker with no
previous radiation work experience can become
sufficiently qualified to work in areas where
radiation hazards exist as long as he is under the
radiological supervision of a fully qualified
individual with only 4 hours training. Since a
large number of tradesmen were not qualified

A number of logistical problems also had to be
faced. There are six different work groups
involved in the project, each requires a different
level of familiarization and some work groups are
on shift. The ability to overcome these problems
can be attributed to the high level of commitment
of the instructors, who are nominated by the
various work groups.
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CONCLUSION

The provision of training and mock-up
facilities is contributing to the success of the
retube program in terms of safety and quality. It
lias allowed tooling and manpower to be proven as
well as equipment interference problans to be
identified in a non-radioactive environment. Any
changes identified have been incorporated into the
procedures developed for the activities, thereby
minimizing work hazards and radiation exposure.

Following the retubing, the facility will
remain useful as a resource in developing tools
and procedures for fuel channel rehabilitation.
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SCALING REQUIREMENTS FOR AN EXPERIMENTAL FACILITY
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ABSTRACT

This paper presents scaling criteria for a
thermosyphoning facility which would b e u s e d t o

simulate the behaviour of a CANDU reactor under
boundary conditions postulated to produce
thermosyphoning flows.

An overall approach was chosen based on the
two-pYiase ariit-tlux-'ossei staling tttfrffii-qwa
presented in Reference 7. The rationales behind
design decisions on loop geometry, number of
channels, overall scale, heat flux distribution,
heater power, working fluid and conditions, pumps,
steam generators, and inlet and outlet headers are
discussed. The results of these decisions and the
overall application of the scaling methods are then
described. More detailed application leading to
the conceptual design of an experimental facility
will be presented in a companion paper at this
conference.

1. INTRODUCTION

For any nuclear power reactor, there is a wide
variety of postulated initiating events, both
internal and external, which could result in a
reactor trip. Because a turbine generator trip
wsuU bt a»s<K.l3X«.d «ttb. tha. reactor, trig, there is
a possibility that interruptible electrical power
supplies (Class IV power) to some systems, notably
the primary heat transport (PHT) pumps, might
become unavailable. In addition, even if Class IV
power to the pumps is not interrupted, event
sequences in which the PHT inventory is seriously
depleted may force the pumps to trip, either in
avoidance of (operator action) or as a result of
(automatic trip) pump cavitation. Taken together
with sequences in which the initiating event is
loss of electrical power or pump failure, these
postulated events constitute the class of
loss-of-forced-circulation events normally
addressed in nuclear reactor safety analyses. It
is generally recognized that there is a need to
ascertain whether gravity-aided (thermosyphoning)
flows, predicted or postulated following pump
rundown, would be adequate to remove the decay and
stored heat from the fuel so as to preserve fuel
integrity. A related question is that of the
adequacy and availability of heat sinks. In Candu
reactors, it must be determined whether the
ultimate capacity for heat removal from the core to
the steam generators would be limited by such
phenomena as countercuirent flow flooding in
feeders and/or boiler tubes, channel-to-channel
interactions, or the presence of non-condensable
gases in the PHT system-

While considerable analytical and experimental
work has been done to address heat removal without
forced circulation in pressure vessel reactors,
much of this work can not be extrapolated to the
horizontal pressure-tube geometry of a Candu
reactor. Since almost all feeder pairs in a Candu
PHT loop differ, feeder geometry and elevation
effects must be addressed; under some conditions,
these eiiects may ntrnd-natft rat-Mil ctxwiV&ttna
flows.

Calculations to predict the behaviour of complex
systems require appropriate analytical models.
Well-designed experiments are an integral part of
the development and validation of these analytical
models. The results of such calculations and of
extrapolations from experiments may never be
verified in the reactor itself; however, they are
used in system design, safety analysis and
development of operating procedures. Therefore,
both the mathematical models and the experimental
facilities must be carefully-scaled representations
of the prototype. For justifiable extrapolation of
experimental results to full-scale power plant
transients, it is necessary that the scaling
rationale be soundly-based. Scaling is thus the
single most important issue in the conceptual
design of experiments whose aim is to investigate
«OT»t«s.ta is. a. com^Lex. system. Scaling is an
attempt to reach mathematical equivalence between
analogous systems. For this, similarity
relationships between the two systems must be
established. Unfortunately, simultaneous
reproduction of both hydrodynamic and thermodynamic
similarity on a model whose dimensions and system
parameters differ from those of the prototype is
rarely feasible, except under very restrictive
conditions. In its totality, a system as complex
as a Candu PHT system cannot be scaled while
maintaining true similarity, but judicious
approximations can be made to minimize distortions
introduced either during the scaling process or by
compromises made during the actual implementation
of the scaling decisions.

2. CHOICE OF SCALING METHODOLOGY

If mathematical equations were available that
described completely the thermal and 'hydraulic
behaviour of the prototype system, and if similarity
groups could be found that would allow all of the
equations to be satisfied consistently at both the
prototype and model scales, the scaling problem
would be solved. However, neither of the above
conditions is met in our case. Two-phase flows are
not sufficiently well-understood to allow a complete
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and consistent mathematical description, suitable
for scaling, to be formulated. Even in single-phase
flows, where flow behaviour is relatively well
understood, it is not feasible to derive similarity
groups which satisfy simultaneously and completely
all of the requirements or the mathematical models
(except, of course, for the trivial case of
identical scales, or in certain cases where the
equations can be simplified by neglecting some
terms). Therefore, it is necessary to make
judgments and compromises in choosing scaling
approximations for each specific situation to be
studied.

The simplest scaling technique is linear
scaling, in which all length ratios are preserved.
While there are tome single-phase flow situations
in which linear scaling is adequate, its use
results in thermal and flow distribution
distortions which are generally considered unaccep-
table under two-phase conditions (References
1,2,3,4). In addition, it is impossible using this
approach to scale gravitational forces correctly,
rendering the method inappropriate for gravity-driven
flow situations. For these and similar reasons,
Molumtttric scali^s t«timiq\ifts ate mo^e. oftan u&ed
for thennohydraulics experiments (References
2,3,5). Facilities designed using this approach
are usually full-length (with the notable exception
of LOFT), with area, volume and power reduced
proportionally to one another. These techniques
are developed using single-phase flow models, and
their extension to two-phase conditions, particu-
larly for non-homogeneous flows, is therefore
uncertain (Reference 6). Recently, scaling laws
have been developed for two-phase systems based on
the drift-flux model (Reference 7). This approach
was chosen to be the basis for the conceptual
design of a thermosyphoning test facility.

The drift-flux-based scaling method requires
that a number of dimensionless similarity groups be
equal in the prototype and the model. Because of
the non-linearity of fluid properties, for practical
purposes these similarity relations require that
the working fluid, system pressures and enthalpies
be the same in the experiments and the prototype.
Further simplifications are obtained if the proper-
ties of those solid components which are important
for heac transfer are also assumed the same. Most
of the scaling ratios can then be computed from the
length ratio I ; in terms of I , some of the other
scaling ratios are:

Time

Velocity

Hydraulic diameter

Heater conduction thickness

Heater power density

1
R

1 • » •
R '

D R - i

R '

R

These ratios are first applied in the heat generation
(core) portion of the circuit. Other sections
shjuld then be designed such that the ratios or
both their lengths and flow areas to those in the
core section are the same as in the prototype. In
addition, both the friction coefficient f?/D and
the head loss coefficient K should be the same in
each section of the model as in the prototype. II
these conditions are all met, the mass, momentum
and energy conservation equations in the drift-flux

formulation will have equivalent solutions in both
the model and the prototype. Phenomena which are
not described by these equations, such as flow
regime transitions, will not necessarily have been
accounted for properly. Therefore, further investi-
gation of such cases may result in requirements
which conflict with the drift-flux-based require-
ments, leading to modifications. In such cases,
the goal will be to minimize the negative effects
of such modifications by judicious adjustments to
the appropriate design parameters.

3. INDEPENDENT DESIGN DECISIONS

Before the chosen scaling relations were applied,
a number of independent design decisions had to be
made, including the choice of prototype, system
configuration, length scale ('•„)> and the design
requirements for some of the system components.
These decisions are described in this section. For
simplicity and convenience, a specific reactor
(Gentilly-2) was chosen as the prototype for the
conceptual design of the thermosyphoning test
facility which is the subject of this study.

3.1 Loop Geometry

In principle, an experimental facility could
comprise two figure-of-eight loops (as in the
prototype), a single figure-of-eight loop, or a
single figure-of-zero (one pass) loop. In the
event sequences of interest, either there is
symmetry between the two loops or they will have
been isolated from one another early in the tran-
sient, so a single loop is sufficient. Within a
single loop, however, there may be significant
pass-to-pass asymmetries in the initial conditions
in some sequences. In addition, the pressurizer
and feed/bleed systems may generate asymmetries.
Therefore, a figure-of-eight was chosen in prefer-
ence to a figure-of-zero configuration. It should
be noted that the relative effects of pass-to-pass
asymmetries may be more pronounced in a test
faciLity with, fewer channels per pass than in the
prototype.

3.2 Number of Channels

In the interests of economy and reduced
complexity, it is desirable that the number of
channels in an experimental facility be much
smaller than in the prototype (95 channels per
pass). However, if the number of channels is
reduced too far, there is a danger that phenomena
such as channel-to-channel interactions may not be
correctly captured, and that single-channel pheno-
mena which are masked in the reactor by the presence
of so many other channels may take on exaggerated
importance. Therefore, a carefully-chosen compro-
mise must be sought.

In the reactor, the channels within a pass
differ from one another in power, elevation, feeder
geometry, and the locations of their connections to
the headers. Of these, channel elevation is the
most difficult to adjust once an experimental
facility has been built. It is also obviously a
highly important parameter governing thermosyphoning
behaviour. Therefore, the basic differentiation
among channels was made on their elevation. In
order to allow comparisons involving other para-
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meters without affecting the overall average
elevation, at least three channel elevations are
•eecled, representing upper, median and lower
portions of the reactor core. In order to study
differences caused by feeder geometry and header
connections (the latter cannot be adjusted indepen-
dently of feeder geometry), an additional channel
at the median elevation is needed. Finally, a
fifth channel is required to segregate power
effects from those of elevation and feeder geometry.
Therefore, a minimum of live channels per paas
should be included.

With a small number of channels in each pass,
there is a danger that single-channel phenomena, or
interactions between two channels, could have
effects on the overall system which are unrepresen-
tative of che reactor. In the authors' judgment,
five channels per pass should be enough to prevent
such effects from becoming unacceptably large,
although care should be taken in interpreting
results from any such tests to allow for this
possibility.

3.3 Overall Scale

Before the drift-flux-based scaling method
described in Section 2 can be applied, the length
ratio I must be chosen. This will set the scales
for the other parameters, and hence the overall
facility. The basis for the choice of I was taken
to be the heated channels, as described Here.

The ideal scaling ratio is, of course, * - 1.
Unfortunately, the cost of ten full-scale instru-
mented indirectly-heated fuel bundle simulators is
prohibitive, even at shutdown power levels.
Therefore, on the basis of the heated elements, a
reduction in scale is necessary. The technology of
these heated elements is such that they cannot
economically be made substantially smaller than the
prototype fuel elements. Thus, any reduction in
scale must be accomplished mainly by reducing the
number of elements in each channel. It is desirable
to maintain, as much as possible, such features of
the reactor channels as subchannel shapes, sizes
and interconnections, as well as the relationship
between void fraction and fluid level during
stratified flow, in order that two-phase flow
phenomena within the heated channels not be exces-
sively distorted. A seven-element bundle within a
channel of circular cross-section (corresponding to
the central pin plus the inner ring of fuel elements)
gives a good approximation to Candu fuel bundle
geometry, and implies a channel diameter roughly
one-half that of the prototype. Therefore, the
initial basis for scaling calculations was taken to
be seven full-diameter fuel pins within a (roughly)
half-diameter pressure tube; the corresponding
length scale 1 is close to h, as we shall see
later, in Section 4.

3.4 Heat Flux Distribution

After shutdown, the axial channel power distri-
butions vary both between channels and with time.
Therefore, no single non-uniform flux distribution
represents all of the channels in the reactor core.
The most economical choice is that of uniform flux
within the heated region. Uniform axial heat flux
was therefore decided on; the effects of this
choice on thermosyphoning behaviour are expected to
be snail.

3.5 Heater Power

The steady-state power in the experimental
facility must be capable of generating the same
enthalpy distribution as in the prototype at Che
beginning of the simulated portion of the trausi^nt,
as wel] as supplying the scaled decay power level
after that time. Since the thermosyphoning
phenomena of interest are generally those happening
a few minutes or more after the initiating event,
the early portion of the transient need not be
simulated. A power capability corresponding to 10%
of full reactor power would be sufficient; that is,
in performing the scaling calculations for heater
element and power supply capacities, the values
assumed for the prototype would be 10% of the
full-power values. Actual power levels used during
experiments would generally be less, depending on
the particular case being studied.

3.6 Working Fluid, Pressure and Temperature

For obvious economic reasons, light water would
be used in an experimental facility, rather than
heavy water as in the reactor. The errors intro-
duced by this substitution are quite small. For
example, when the mass, momentum and energy conser-
vation equations are written J.n non-dimensional
form, the fluid properties appear in the dimension-
less ratio p/yh; this quantity differs by less than
10Z between light and heavy water at saturation
over the entire range of pressures and qualities of
interest. Thermal properties can be compared by
calculating the ratio of temperature differences at
the same diameter, flow race and heat flux, using
various heat transfer correlations. For
single-phase forced (Dittus-Boelter) and natural
(Grashof-Prandtl) convection, the temperature ratio
shows a difference of only a few percent between
light and heavy water. Errors of this size are not
important enough to justify the expense of using
heavy water.

As discussed in Section 2, the operating
pressures and temperatures should be the same in
the experiments as in the prototype, in order to
avoid unquantifiable distortions due to changes in
void-quality relationships and flow regime transi-
tions.

The main purpose of the pumps is to establish
the initial conditions (i.e. pressure and enthalpy
distributions) for the intended tests. The required
operating pressure and pump head are the same as in
the reactor, but the maximum required flow capacity
will be greatly reduced, as derived from che
scaling calculations. Since pump rundown is much
slower than reactor shutdown, the scaled flow
capacity will be based on scaled full-power
conditions, to allow simulation of the pump rundown
transient. The pump rundown itself can be simulated
by using variable-speed drives. Finally, the head
losses through a stopped purap should be matched
with the pumps in che prototype.

3.8 Steam Generators

The steam generators in Candu reactors are
designed to provide a large thermal inertia. This
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thermal Inertia is very important during thermo-
syphonir.g. Therefore, Che steam gereracors must be
designed to 100% o: scaled full-power heat removal
capacity. However, the secondary side need not be
scaled directly from the prototype, since it acts
only as a boundary condition for the primary side.
Full-diameter I'-tubes can be used, the number of
tubes chosen so as to give the desired pressure
drop, and secondary side pressure, flow and enthalpy
adjusted during each test to provide the desired
heat removal rate.

3.9 Inlet and Outlet Headers

L'nder cwo-phase thennosyphoning conditions, the
headers serve both as piping elements and as surge
volumes, allowing fluid accumulation and recircula-
tion of flow between fuel channels. Because of
their complex function, the headers require special
attention during the scaling process.

The appropriate length co be scaled is not the
overall length of the header, but racher the
average flow path length from feeder connection to
riser pipe connection. 8ecau.se. of the very small
number of channels, this flow path length and the
overall header length may not be interrelaced in
the same way as in the prototype. Once the scaled
length has been chosen, the diameter Is calculated
so as Co give the desired flow area. This leads Co
header volumes greater Chan strict volumetric
scaling would have required. In the authors'
opinion, large header volumes are appropriate for a
rest facility with substantially fewer channels
Chan che prototype. As discussed In Section 3.2,
there is a danger chat single-channel effeccs will
be over-represented; a large header volume helps to
reduce the likelihood of this type of distortion,
L.I a sense compensating for the missing channels.

The headers should be designed so as to allow
•or possible interactions becween feeders whose
connections are close to one another, in addition
to feeders with average separations. If possible,
extra connection locations should be provided to
allow altering the feeder connections Co study the
effects of such interactions.

-.. SCALING APPLICATION

As described ir Section 3.3, the overall scale
is set by the heaced channels, which will contain
seven full-diameter elements in place of Che
37-element fuel bundles in the procotype. We
estimate approximate length and area scaling ratios
as follows: Assume temporarily that the flow area
per heated element will be che same as In the
prococype. A simple calculation gives the pressure
tube diameter f45 mm vs 103.4 mm in che reactor)
and channel hydraulic diameter (5.98 mm vs 7.34 mm
in che reaccor). The hydraulic diameter ratio is
thus 0.814, corresponding to a length ratio of 0.44
'based on the equal flow area per element assump-
tion). This provides an approximate scale factor
from which Co stare che scaling process.

For convenience, an even lengch ratio of 0.5 was
chosen. Following che method described in Section
-, we calculate d - D - 0.841, q ' " - 1.414, and
u • c • 0./07. 'If rne two diameter ratios were
now applied directly, we would calculate a heater
tfieaent diameter of '.'. mm, pressure cube dlamecer

of 39." mi, and a channel flow area ratio A;̂  •
0.167. These calculations are based on heat
transfer requirements; in addition, frictional
pressure losses must be adjusted in the heated
channels to natch those in the reactor fuel
channels.

At chis poinc, we have chosen co deviate from
the scaling methodology oudined in Section J,
insofar as the heated elemencs are concerned.
Instead, we have chosen Co assume that the heater
diameter must be the same as in che protocype Candu
fuel. There are two reasons for this decision:
one relates Co the expected availability of indir-
ectly heated elements, and the other is prompted bv
concerns chat local two-phase phenomena, such as
bubble formation, growth and movement, may be
adversely affected by changes in the absolute size
of che heated elements and subchannels. This
increase in heater element diameter requires an
increase in pressure cube diameter, in order Co
preserve the scaled hydraulic diameter. The
resulting pressure tube diameter is 45.3 aim, and
the channel flow area ratio A^ - 0.196. The
remainder of the test facility can then be designed
using •'. - 0.5, A^ • 0.196, and the channel number
ratio (5/95). ^

This deviation (setting d • 1.0 inscead of
0.841) will lead to distortions of some of the
dlmensionless scaling groups in the drift-flux-baste
method. While ic would be possible Co devise
further changes which would compensate (e.g.
simultaneous changes Co q11', Cp and k in the
heater elemencs to compensate for the change in
diameter), this compensation has not beer, done at
chis stage of che project. The reason for chis is
Chat during the design process a number of other
compromises may also have to be aade. In particular,
che need to scale friction and head losses in each
part of che loop may require local deviations from
the global scaling ratios. Availability constraints
on some components may dictate further changes from
che ideal. Therefore, at che end of the design
process, che scaling of the complete final design
should be verified, and where necessary, adjusted.
The dimensionless groups used in che scaling model
should be recalculated, and where distortions are
present, a decision should be made as to whether
compensating changes are feasible. As a separate
check on the scaling process, a network thermo-
hydraulics code can be used on known base cases
(such as normal full-power operation) :o compare
pressure and enthalpy distributions between the
scaled facility and the prototype reaccor.

5. CONCLUSIONS

This paper describes Che steps taken during the
Initial phases of che conceptual design of an
experimencal facility to scudy chermosyphoning
behaviour of Candu reaccors. Key decisions made
during chis process include:

1. che choice of a scaling rationale, based on a
two-phase flow model, whose goal is to preserve,
as far as possible, major aspects of cwo-phase
flow behaviour (Reference 7);

2. the decision Co design a five-channel-per-pass
figure-of-eighc loop;
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3. the decision to use seven-element indirectly
heated bundles with a length scale factor of 0.5
and uniform axial heat flux distribution;

4. the decision to preserve the diameters of heated
elements and boiler tubes;

5. the decision to design for full system pressure;
and

6. the choice of 107. of full (scaled) power as the
maximum heater power requirement.

In addition to the above decisions, we required
that basic geometric characteristics of the fluid
paths should be preserved, so that the geometry of
feeders, end fittings, core and other piping should
be maintained as similar as possible to those of
the prototype Candu reactor.

A conceptual design based on the scaling
methodology and decisions presented in this paper
is described in a companion paper at this conference
(Reference 8 ) . A report describing this project in
more detail is available (Reference 9 ) .
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ABSTRACT

This paper describes Che application of a
scaling methodology, presented in a separate paper
in this conference, to the conceptual design of an
experimental facility to study thermosyphoning
behaviour of Candu reactors. The proposed facility
comprises a scaled-down single loop of the primary
heat transport (PHT) system, and representations of
each of the shutdown cooling system, emergency core
cooling system, emergency water supply system, feed
and bleed system, and a secondary service water
system. Instrumentation required to characterize
the thennosyphoning phenomena, as well as control
and safety systems, are described. A description
of a test matrix is provided.

INTRODUCTION

Accident scenarios involving loss of forced
circulation events either alone or combined with
other events such as Loss-of-Coolant Accident
(LOCA) have been postulated to occur in a Candu
reactor. Under such conditions, the reactor core
is anticipated to be cooled by either single- or
two-phase chermosyphoning flow. A typical PHT
system of a Candu reactor comprises two figure-of-
eight loops which could be isolated from each
ocher, a common pressurizer, and safety and auxil-
iary process systems. Furthermore, each PHT loop
contains two core passes each of which includes
approximately 100 parallel channels connected to
common inlet and outlet headers. For a LOCA event
combined with loss of forced circulation, effects
of the parallel channels on fuel cooling in both
the broken and intact loops are not fully
understood.

Single-phase thermosyphoning is, generally, well
understood. Under such a mode of cooling, PHT
system behaviour is believed to be predictable by
current analytical means.

Two-phase thermosyphoning has been analyzed
using one-din-insional, homogeneous, equilibrium
codes (1). For some scenarios in which cor* flow
stagnation may occur, a single-channel intermittent
buoyancy induced flow (IBIF) model (2,3) was
utilized. Homogeneous equilibrium codes are
capable of handling events in which full or near
full system inventories co-exist with favourable
heat sink, conditions. However, there are mace
severe scenarios (e.g. small LOCA at the inlet
header combined with a loss of class IV power) that
may result in many channels in a core pass
suffering from successive stagnation conditions
caused by che balance between the force due to the
break and the thennosyphoning buoyancy force. Less
severe scenarios for an intact loop may result in

the parallel channels behaving differently, due to
unfavourable heat sink conditions combined with
loss of Class IV and III power. This constitutes a
challenge to thermohydraulic codes and the usually-
used average channel approach.

There is a need, therefore, to verify the
analytical methods used in the thermosyphoning
safety analyses by using data obtained from a
representative, scaled-down facility operating at
reactor conditions. In addition, the facility must
include provisions to allow investigation of the
effect on thermosyphoning of the following
parameters: number of parallel channels, feeder
geometry, feeder connection to channels and
headers, header geometry, pump rundown
characteristics, steam generator conditions, and
relative channel elevations and powers.

In the conceptual design presented in this
paper, the PHT system received most of the effort.
All other relevant reactor systems are thought to
be required only as services or auxiliary systems
and, therefore, they have been simulated as
boundary conditions.

BASIC CONCEPTUAL DESIGN

The facility is designed to contain the
following main process systems:

1. A primary heat transport system. As
rationalized in detail in Reference 4 and shown
in Figure 1, it consists of:

- a figure-of-eight loop with two passes,
- S channels per pass,
- 7 heating elements per channel,
- 2 pumps,
- 2 steam generators,
- 2 outlet headers,
- 2 inlet headers,
- 10 inlet feeders,
- 10 outlet feeders,
- a valve-controlled pipe connecting the two

outlet headers, and
- a pressurizer.

2. A feed and bleed system.

3. A shutdown cooling system.

4. An emergency core cooling system.

5. An emergency water supply system.

6. A secondary side feedwater system.

7. A secondary side heat sink.
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1. a bundle consisting of seven electric fuel
simulators (indirectly-heated) is used as a
scaled-down heat source;

2. the heat flux distribution for the heating
elements is uniform;

3. the fuel element diameter is preserved (this is
expected to reduce distortions in bubble growth
dynamics);

4. the flow area for each fuel element is
approximately preserved; and

5. two-phase scaling laws (7) are employed.

FIGURE 1. A LAYOUT OF THE SCALED-DOWN
PRIMARY HEAT TRANSPORT SYSTEM

In addition, the facility comprises systems for
instrumentation and control, data acquisition,
personnel and facility protection, data storage and
display, water deaeration system, and electrical
power supply.

Figure 2 gives a schematic of the auxiliary systems
of the facility.

PHT SYSTEM COMPONENT SCALING

Geometric scaling laws are applied to all PHT
system components except the pumps. Details are
given below.

1. Core Section

The heating section in the core is scaled down
by 50Z in length. A 7-element bundle at a power
rating of 100 kW is recommended for each channel.
Figure 3 shows a schematic of the channel cross-
section for both Candu reactor and the facility.
The 100-kW channel power represents about 10Z of a
scaled-down, 6.5-MW typical Candu reactor maximum
channel power using a power scaling ratio of 0.1385.

FIGURE 2. A SCHEMATIC OF THE AUXILIARY SYSTEMS

This paper describes only the PHT, secondary
side, and instrumentation systems in detail.
Further information on other systems may be found
in Reference 5.

GLOBAL SCALING PARAMETERS

As discussed in Reference 4, the overall scaling
of the facility is governed by the following
decisions:

FIGURE 3. SCHEMATICS OF THE CANDU AND TEST
FACILITY CHANNEL CROSS-SFCTIONS

2. End Fitting Section

In a flow visualization thermosyphoning rig (6),
it was observed that long horizontal lengths affect
the timing of several events, and their shape
affects void diffusion and leakage to feeders. A
lumped parameter model (3) also indicates that the
temperature difference between the inlet and outlet
end fittings would define the flow direction
following stagnation. Hence, special attention is
given to preserving the characteristics of end
fittings. The length is scaled by the length
scaling factor of 0.5. The annular flow-geometry
is scaled by the following pressure drop scaling
criteria

(K + fl/D)
R 1 (1)
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Using Wood's approximation of Colebrook equation
for friction factor, equation (L) is solved
numerically for several values of K and Re. The
result is an annulus diameter of 66.6 mm. the
shield plug is represented in the facility by a
scaled hydraulic resistance.

3. Feeders

In a typical Candu core flow-pass, there are 95
pairs of feeders with a variety of geometries.
Five pairs of feeders are chosen in the facility to
represent the major geometrical characteristics of
the Candu feeders. The bases for such a choice
are: feeder-channel angle, horizontal length, and
vertical length. Feeder geometries and channel
elevation are shown in Figure 4.

FIGURE 4. END VIEW OF THE FEEDERS GEOMETRY
AND CHANNEL ELEVATION

The feeders have been scaled according to the
following formula

(f i/D (a

where K. and K equal 1, and K

The above equation reduces to

0.9.

(2)

(3)

(f l c/D c) + (1+1+0.9n c)

Equation (3) was solved numerically for different
numbers of bends in the facility's feeders. It was
found that reducing the number of bends from 7 to 2
would require about a 10Z reduction in the feeder
diameter. It was decided to preserve the number of
bends at 7 and to locate them at the corresponding
scaled distances. An interesting phenomenon which
is expected to occur is flooding at bends Immediately
adjacent to a channel. Hence, these locations will
not be changed from that of the reactor by layout
considerations. Full geometrical information for
all feeders have been generated and are documented
in Reference 5.

4. Headers

Scaling the headers with either the standard
scaling factors or as flow resistances was found to
be inadequate. The former method results in a
small-diameter header (almost equal to a feeder
diameter), while the latter method produces
excessively large headers as compared to the
volunetric scaling ratio relative to the core. In
order Co overcome these difficulties, a header was
treated as a flow path from the feeder connections
at the header to the steam generator inlet pipes
(outlet header) or from the pump discharge pipes to
the various feeder locations (inlet header). These
flow paths are the ones which have been scaled. As
shown in Figure 5, a header can be divided into

FIGURE 5. GEOMETRY OF A SCALED-DOWN HEADER

four regions: i) between the end and the first
discharge or inlet pipe, ii) between the first pipe
and the centre of the header, iii) between the
centre of the header and Che second pipe, and
iv) between the second pipe and the other end.

It should be noted that all regions of the same
header have equal average region flow paths (400
mm).

In order to scale the header length, a decision
is made on how the feeders would be connected to
the headers. Since thermosyphoning phenomena may
be dictated by channel-co-channel interaction
(Reference 6), one arrangement would be such that
two pairs of channels be connected across from each
other for each header in the oucer regions (Figure
5) and the fifth channel be connected to the middle
of the header. Provisions are made to connect the
feeders to a header in alternative arrangements. A
dead space of half the average scaled flow path is
provided ac each end of each header to allow for
any anticipated flow mixing. This implies that the
effective scaled-down header length equals five
average flow paths. It should be noted that the
total length of the prototype Candu reactor header
equals eight average lengths of each flow path.
Hence, the scaled header length is given by:

The scaled header diameter is determined from
the hydraulic diameter of the average flow path.
The latter is given by

Dhf dhc
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where 95/4 represencs Che average number of
channels per region. The header flow area was
scaled to be twice the average flow path area, in
order to accommodate two channels at any connection
location. Hence,

hf D2,
- 2 hf

This leads to a header diameter of

dhf " ' "hfDhf " dhc

5. Process Piping

Process piping includes pipes from outlet
headers to steam generators, pump suction lines,
pump discharge lines, and the pressurizer surge
line. The pipes have been scaled according to the
same formula used to scale the feeders, equation 2.
The pressurizer surge line was scaled as a flow
line. Scaling by other methods results in a
pressurizer surge line with a very small diameter.

6. Steam Generator Primary Side

As discussed in Reference 4, the steam generator
tube diameter was preserved and taken equal to the
prototype Candu tube diameter. This was necessary
in order to preserve the phase change
characteristics (e.g. bubble rise, collapse,
flooding and reflux condensation). The average
length of the tube bundle (including the U-bend but
excluding the tube sheet penetration), for the
prototype steam generator is 18.76 m. The scaled
average length of the steam generator tube for the
facility is calculated as:

1 f " ••„'• , a n d

•f would define Che elevation of the U-bend. Since
both the diameter and length have been already
fixed, the other parameter which must be scaled is
the number of steam generator tubes. The steam
generator is scaled-down for full power operation,
even though the core power was chosen to be about
IOZ of the scaled full power. The number of steam
generator tubes could be calculated either by
preserving the heat transfer areas or preserving
pressure drops. The former method was found to
yield 52 tubes (compared to 3650 tubes for the
prototype). Although this procedure provides an
identical heat transfer area (for the scaled power
level) to that of the prototype, it was found that
it distorts both volume ratios and pressure drop
distribution. On the other hand, preserving
pressure drop would result in a 28-tube design.
Although this would distort the heat transfer area,
approximate heat sink boundary conditions could be
maintained by adjusting the secondary side
characteristics such as feed flow, temperature and
pressure. Therefore, the latter method was adopted
for designing the facility. Figure 6 shows a
cross-section of the steam generator at the tube
bundle.

350

u
PREHEATER REGION

FIGURE 6. ARRANGEMENT OF STEAM GENERATOR TUBES

The steam generator design includes an internal
annulus shroud for recirculation, and an integral
cyclone steam separator. The steam generator also
includes an emergency water spray (EWS) system and
a preheater section, since both are expected to
have considerable effects on the thennosyphoning
driving head above the headers. The actual height
of the steam generator shell would depend on the
design of internal components (cyclone, EWS System,
etc.) and would be specified by the vendor.

7. Pumps

The scaling methodology developed for other
components of the test facility was not applied to
pumps. Instead, variable speed pumps that can be
programmed and controlled to preserve the rundown
characteristics of the reactor pumps are
recommended. This would be factored into the test
matrix and will form an Integral part of the
facility characterization commissioning program.
Since the required flows and pressure distribution
for the facility are known, the required
characteristics of the pumps can be defined.

8. Pressurizer

It is not feasible to apply the standard scaling
laws used for the core, feeder and steam generators
to scale the pressurizer. Hence, the pressurizer
is treated as an expansion tank and volume scaling
is used (in the reactor, the pressurizer size is
designed to accommodate the thermal shrinkage from
full to zero power). The height was assumed to be
3 metres. At 100Z power, the volume ratio between
steam and water is known to be about 2 to 1.
Knowing the volume and the assumed height, the
pressurizer diameter can be determined. Similar
volume scaling is employed to establish the size of
the pressurizer heaters. One bank of two heaters,
2 kW each, with one of them on variable control is
specified. Since the facility does not include a
separate degasser condenser, a water spray system
with controlled flow injection is added to the
pressurizer to compensate for its absence at the
facility.



13.10

STEAM GENERATOR SECONDARY SIDE

For each steam generator the secondary side is
designed on the basis of removing 502 of the scaled
full power (Item 6 above). Required enthalpy
distrtbutioti l<x the. PUT system, can be obtained by
adjusting the temperature and the flow of feedwacer
to the steam generator secondary side. Since the
facility's core is operated at about 10Z of the
scaled full power, the feedwater system is designed
to accommodate only 15% of scaled full feedwater
flow.

PERSONNEL AND FACILITY PROTECTION SYSTEMS

The following safety features are incorporated
in this high pressure> high temperature facility to
protect the facility and operating personnel:

1. physical barrier Detween personnel and the high
pressure loop;

2. isolation and visual monitoring of the loop and
associated systems from the control room;

3. separation of electrical power lines,
instrumentation arid control wiring; and

4. redundant pressure relief valves (system
overpressure relief valves are specified both
for the PHT systeni and the secondary sides).

In addition, the following system abnormalities,
whether resulting from experimental conditions or
component failure, are monitored (and a power trip
initiated if required): overpressure, high heater
rod temperature, high heater element temperature in
the pressurizer, low pressurizer level, loss of
feedwater during normal operation, loss of service
water, and loss of primary coolant.

INSTRUMENTATION

The test facility will be provided with extensive
instrumentation coverage. A total of 225 temperature
measurements, 61 pressure measurements, 20 flow
measurements *• 25 power measurements are considered.
In addition, 46 locations are identified for void
fraction measurement. For economic reasons, not
all of these will be implemented simultaneously.
Figure 7 illustrates the suggested temperature
measurements in the channel/endfitting assembly.

1 r

FUEL SHEAIH THCTMOCOUPLE LOCATIONS

TEST MATRIX

The test matrix is designed to fulfill the
following objectives:

i) iden.ttfixia.tiQn. of flow regimes and their
transitions in main components of the facility
under thermosyphoning conditions;

ii) identification of the effect of non-
condensable gases on the system behaviour;

iii) examination of system instabilities under
loss of forced circulation conditions;

iv) characterization of steam generator heat
removal capabilities and limitations under
all scenarios subject to study,

v) identification of channel-to-channel inter-
actions and their effects on the coolability
of the core,- and

vi) effect of subsystems parameters on PHT
system performance.

Commissioning tests will be conducted to
calibrate and verify the expected behaviour of the
loop. Such tests will confirm the proper operation
of components, loop, safety systems, instrumentation,
data acquisition and display system and control
system, and will be used to evaluate heat losses
and to verify the heat balance of the facility.

Tests will be conducted with the following
independent variables: total core power, power
distribution among channels, secondary side condi-
tions, PHT system inventory, pump rundown, pump
Crip time, non-condensable gases, number of pumps
per loop, shutdown coolitfg systems, and location
and size of break.

CONCLUSION

Because of the scaling rationale, simplified
geometry, and special fotfus on thermohydraulic
details, it Is our belief that we have achieved a
unique design of a dedicated thermosyphoning
facility which, if constructed, would provide
Invaluable insight into the behaviour of Candu
reactors under natural circulation conditions.

FIGL'RE 7. SCHEMATIC OF CHANNEL INSTRUMENTATION

NOTATION

a
d
D
K
f
I
n
Re

flow area
diameter
hydraulic diameter
loss coefficient
friction coefficient
length
number of bends
Reynolds number

Subscripts

c
e
f
i
h
0

R

bend
Candu reactor
exit
facility
entrance, ith section
header
reference, heated channel
ratio of facility to prototype
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ABSTRACT

A flow visualization rig has been built at
Monserco Ltd. to provide visual insight into the
thermalhydraulic phenomena which occur during
single and two-phase thermosyphoning in a
figure-of-eight heat transport loop. The
sensitivity of natural circulation cooling to the
number of heated channels, feeder geometry, channel
power and header size was examined to provide
design assist information for scaling a
high-pressure rig.

INTRODUCTION

There are several postulated accident situations
in CANDU reactors in which reactor decay heat is
expected to be transported to the steam generators
by natural circulation. For many of these
situations, the heat transport system would remain
full, with sufficient flow to maintain single-phase
conditions. However, in some situations, the
coolant inventory is reduced or flows are reduced,
resulting in two-phase conditions in the primary
heat transport system.

The capabilities of natural circulation for
removing heat can be predicted using
thermalhydraulic computer codes for commonly
encountered situations where single-phase,
uni-directional thermosyphoning flow occurs. In
cases where flows or inventories are low, it is
very difficult to analyze the complex behaviour of
multiple parallel channels and their interactions.
The flow visualization rig was built at Monserco to

TABLE 1

COMPONENT MATERIAL SPECIFICATIONS
FOR FLOW VISUALIZATION RIG

Component

Heated Channel

Feeders
Inlet Vertical
Inlet Horizontal
Outlet

Headers

Steam Generacor
Tubes
Shell

Heater Elements

Material

Polycarbonate

Polycarbonate
Polycarbonate
Polycarbonate

Polycarbonate

Polycarbonate
Acrylic
Incolov

Size

ID
25.4

19.1
25.4
25.4

95.2

9.5
101.6

(mm)

OD
31.7

25.4
31.7
31.7

101.6

12.7
114.3
9.5

provide visual evidence of conditions in a
"figure-of-eight" heat transport loop during single-
and two-phase natural circulation. This paper
describes features of the flow visualization rig and
presents some results from nacural circulation tests
done with the rig.

While the experimental facility was designed to have
roughly the same power-to-volume ratio as a typical
CANDU reactor, as discussed below, the Intent of the
experiments was not to attempt to model actual
behaviour of any reactor systems. The purpose of
the tests was to use simple and inexpensive
equipment to obtain information on phenomena and
channel interactions which could potentially occur
under two-phase thermosyphoning conditions, and
which should be considered in the design of a more
sophisticated experimental facility.

Flow Visualization Rig Design

Table 1 contains a list of components, and
specifications of the materials used for
construction. Figure 1 is a scale drawing of the
rig which can be used for locating components in
the table.

FIGURE 1: A schematic of the 3 channel per pas
flow visualization rig

The materials selection was based on the following
criteria:
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1) all piping must be transparent and clarity must
be maintained after prolonged exposure to
boiling water at 100°C;

2) piping and couplings must retain structural
strength at temperatures around 100°C;

31 piping used for the heated sections must
withstand temperatures above 100°C and stay
intact in the event of heater element cot tact;
and

4) piping size and shape should accommodate
commercially available couplings to simplify
piping re-arrangement as may be required during
testing.

It was found that polycarbonate (Lexan) tubing
best satisfied all of the above requirements. Tests
in boiling water showed that the material retained
clarity and strength at 100°C. Acrylic (Plexiglass)
tubing costs less than polycarbonate; however,
when placed in boiling water the acrylic tube became
opaque. Component fabrication (machining, etc.) is
also more difficult with acrylic than with
polycarbonate. Polycarbonate tubing was chosen for
its clarity and strength in test rig conditions,
and for its toughness, which made its fabrication
easier. The tubing was readily available in a size
to fit commercially available ABS compression
fittings. The polycarbonate tubing has given
excellent performance in the heated channels, and
no deformation was observed during tests where
measured heater temperatures exceeded 160°C.

ABS fittings were used to connect pipes in the
rig. The fittings are inexpensive and readily
available for all required connection geometries.
Tests in boiling water and experience with the
visualization rig showed that the ABS fittings
soften when immersed in boiling water for long
periods. They do, however, maintain sufficient
structural strength to prevent leakage at
connections in the rig when the connected pipes are
anchored securely to a backboard.

Acrylic tubing was used for the steam generator
shell because of the required tube size. The four
inch (101.6 mm) I.D. tubing was readily available
in acrylic (but not in polycarbonate). The shell
side of the steam generator is about 30°C cooler
than the tubes during rig operation, and thus the
temperature is low enough to maintain clarity.

Three commercially-available Indirect heaters
were used in each heated channel. The heaters were
straight tubular Incoloy elements with a 120 V,
1 kW rating. Stainless steel springs were
fabricated to fit over the elements to prevent
direct contact between the elements and the plastic
tubes. The heaters have a 2.9 m sheath length with
0.69 m cold ends. Aluminum fittings for the ends
of the heated channels were designed with "0" ring
seals to allow the heater elements to protrude from
the ends of the channels so power supply cables
could be connected. Rig operation to date has
proven good heater durability under the full range
of operating conditions.

The flow visualization rig was instrumented to
monitor and record primary coolant pressure,
temperature, power and flow during a test.
Secondary coolant temperaCure was measured and
recorded, and secondary flow was measured.

Outputs to be recorded from the instruments were
input to a Hewlett-Packard 3497A data logger. An
HP85A microcomputer controlled the 3497A through an
HP-IB interface. On command from the controller,
the 3497A received inputs from the test rig
sensors, and output the measurements through the
HP-IB to the HP85A. The HP85A controller can be
used to process and display the data; however, in
the system at Monserco the data was sent to the
in-house VAX 11/750 computer for processing. The
VAX system is faster, and large data files can be
stored for plotting after an experiment is
complete. The VAX computer was connected to a
VT100 interactive terminal situated next to the rig
and processed data was transmitted to the terminal
while the rig was running. This allowed continuous
monitoring of the test in progress.

Thermocouple and pressure transducer locations in
the rig are shown in Figure 1. Power measurements
were made for each series-connected pair of heated
channels, (1&2, 3&4 and 5&6). A turbine flow meter
was available for insertion in the loop. An
amplifier was built to boost the flow meter output
voltage from 10 mV to 5 V for input to the data
logger. A model 44426A 100 kHz reciprocal counr.er
assembly was used by the data logger to count pulses
from the flow meter over a time interval specified in
the controller program.

Two automotive water pumps were used on the flow
visualization rig. The pumps were driven with D.C.
motors through universal joints constructed with
plastic tubing. A variable power supply fed the pump
motors to allow gradual flow rundown for achieving
specific thermosyphoning conditions in the loop. The
flow/head characteristic for the pumps was not
available from the supplier, and has not been
determined at this time. However, the pumps easily
provided sufficient flow to transport full heater
power to the boilers.

Flow Visualization Rig Scaling

The flow visualization rig was originally scaled
to have approximately the same power to volume ratio
as that of a typical CANDU reactor at decay power
level. During construction of the rig, deviations
from the true volumetric scaling were unavoidable in
order to accommodate commercially available plastic
pipes and fittings, and to include additional
horizontal sections in the feeders. The rig was
built with a total elevation of 4.6 m from the
central channels to the top of the boilers.

A surge tank was fabricated by fitting a
connection to the bottom of a 0.023 m vessel. The
tank was open to atmosphere and connected to the
visualization rig with flexible plastic tube. Rig
pressure was controlled by raising or lowering the
surge tank. The tank contained a 1.5 kW element for
heating the water inside it.

Flow Visualization Rig Test Results

Approximately 100 tests were done with the flow
visualization rig during the experimental program
(for details see References 1 and 2). For tests in
which boiling did not occur, natural circulation was
established with the flows in all channels continuing
in the normal direction. For those tests in which
boiling occurred, flow stagnation usually occurred in
some channels, and heater temperatures increased.
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Subsequently, after some period of stagnation,
flows were generally re-established with the
directions of flow in some channels reversed.

In this paper, we will describe only the results
of a few pump trip tests. The tests were done by
operating the rig hot with the pumps running at
reduced speed, and then tripping the pumps. The
same initial conditions were used for each test.
Conditions in the rig at the start of each test
were:

Boiler outlet T • 70 to 75°C,
Feedwater flow • .02 kg/s, and
Channel AT • 2 to 5'C.

Once the desired starting condition was attained,
Che power controls were set to the desired levels
and the pumps were shut off.

The first pump trip tests were done with equal
power in all the heated channels. Temperatures in
the heated channels stayed below 100°C throughout
the test as shown in Figure 2, and natural
circulation flow remained forward in all channels
as shown in Figure 3.

boiling stopped within another 125 s, and stable
single- phase flow developed afterwards. Figure 5
shows the flow pattern after the system had passed
through the boiling phase. By 300 s, flow had
reversed in channels 1 and 4, while channels 2, 3,
5 and 6 continued to flow in the forward direction.
The relative flows in the system •rere obtained from
temperature measurements during the transients.
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FIGURE 2: Heater temperatures for a pump trip at
low power

FIGURE 4 : Heater temperatures for a pump trip at
high power

4».m it.m

FIGURE 5:

FIGURE 3: Flow directions for a pump trip at low

Figures 4 and 5 show the results of a pump trip
test with a total rig power of 9 W. Boiling
occurred at 125 s as shown in Figure 4. The

Flow directions for a pump trip at high
power

At 700 s, boiler outlet temperature was 58.5°C,
channel 4 inlet temperature was 93.5°C and the
average inlet temperature for channels 2 and 6 was
69.1°C. Mater flowing into channels 2 and 6 came
partially from channel 4, and partially from the
boiler. The inlet header temperature was 69.1°C, and
therefore the ratio of forward flow through the
boiler to reverse flow in channel 4 was:

21
Q4

93.5 - 69.1
69.1 - 58.5 2.3,

where QB » boiler flow, and Q4 • channel 4 flow.

With two channels flowing in the reverse
direction, flow through the boilers was reduced to
that of two heated channels. The flow from the
reversed channels bypassed the boilers and fed
directly into the forward flowing channels.



13.15

Following the period of boiling afcer pump trip,
the flow pattern could stabilize in different ways.
Figure 6 shows flow directions from another test
conducted in the same way as the previous one. As
shown in the figure, flows stabilized with channels 1
and 2 in the reverse direction and channels 3 and 6
flowing in the forward direction. The pattern of one
reverse flowing channel in each core pass was a
common outcome in tests where the rig went through a
boiling transient. Other observed outcomes included
all channels flowing forward, and one channel forward
and two channels reversed in each core pass. The
latter case also resulted in reverse flow through the
boiiirs.
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typical flow pattern, flow would be reversed in
channels 2 and 3 (for example), and continue in the
normal direction in the other channels. With two
channels per pass, flow reversal in two channels
results in very little flow through the boilers. The
forward flowing channels feed the reverse flowing
channels, leaving only the residual forward/reverse
differential to flow through the boilers. The whole
system below the boilers then heats up once the
boilers have been effectively removed as a heat sink.
This is different from the three channel per pass
case where flow reversal can occur while still
maintaining heat removal capability in the boilers.

The tests described so far were performed with
header extensions in place. The extensions increased
header volume by 50%. The header extensions were
removed and several pump trip tests were repeated.
No significant difference in system behaviour could
be identified during testing with the smaller headers
in the present configuration (the smaller headers
were still larger than strict volumetric scaling
would have required). Reduced inlet feeder vertical
leg diameters were used in some tests, with no
apparent effect. Other tests were done to assess the
effects of lengthening the horizontal feeder portions
at the level of the channels; the flow behaviour in
these channels was noticeably more violent, and
refilling was delayed. This rig is well-suited to
experiments of this nature, because of the ease with
which components can be removed and replaced.

FIGURE 6: Flow directions for another pump trip at
high power

The pump trip tests were repeated with channels 5
and 6 removed from the system. The inlet and outlet
feeders for the channels were disconnected from the
headers and the header connection pipes were capped.
Figure 7 shows the outcome of a two channel per
pass pump trip test with a rig power of 7 kW.
After the pumps were tripped at 280 s, the heated
channels boiled; however, some forward flow was
maintained. Channel 4 was the last to refill in
the four channel tests, but in all tests it
refilled before heater temperature rose above
saturation. In the test described here all flows
were in the forward direction at the termination of
the test. For some cases, flow reversal took place
in two channels of opposite core passes. In a

FIGURE 7: Heater temperature for a pump trip with
two channels per pass

concurs IOHS
The tests done with the three channel per pass rig

showed behaviour which could not be seen with the two
channel per pass configuration. Flow reversals can
occur with three channels per pass without
eliminating the boilers as a heat sink. This did not
happen when there were two channels per pass. From
the observations presented here it can be concluded
that more than two heated channels per pass are
required to study natural circulation using a test
rig-

The geometry and flow resistance of horizontal
feeder legs (particularly those at low elevations)
appeared to be key factors influencing two-phase
natural circulation flow behaviour. Therefore, it is
concluded that end fitting and feeder (especially
horizontal leg) design are very important aspects of
the design of a thermosyphoning test rig.

Although the instrumentation on this rig was
minimal, and intended mainly to assist in
establishing initial conditions and in broadly
characterizing phenomena, the temperature
instrumentation provided useful information, which
was effectively used both during and after the tests.

A number of tests were videotaped. A copy of the
videotape is available on loan from Dr. A.M. Omar,
Regulatory Research Branch, AECB.
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ABSTRACT

A series of experiments to evaluate techniques* for
enhancing the critical heat flux (CHF) in 37-element
CANDU bundles Is described- The evaluations of the
results to date are discussed. Two of the techni-
ques gave a significant CHF enhancement. Generally,
techniques which enhance CHF also produce an in-
creased pressure drop penalty.

INTRODUCTION

Experiments are being conducted at the Chalk Rivet
Nuclear Laboratories to evaluate techniques for
enhancing the CHF in CANDU fuel bundles. Th«
results will be used to develop a fuel design with
an enhanced critical channel power.

The techniques are being evaluated using a simula-
ted, full scale, six metre long CANDU fuel channel
installed in the MR-3 Freon modelling loop (1). The
bundle is electrically heated with uniform axial and
depressed radial heat flux. A 37-element bundle is
being used for most of the work. Dryout power
(bundle power at first occurrence of CHF), post-
dryout temperatures, and pressure drop are being
measured. The values are being compared with pre-
viously obtained values for the reference 37-
element bundle.

Techniques evaluated in the 37-element series have
included:
- bundle appendages f,̂ ";;
- two extra planes of spacers (3);
- flow obstruclon vanes (4);
- centre rod removed (5);
- 37- 36- element bundle assembly (6);
- vortex generators (7) , and
- four extra planes of spacers (8 ) .

Two other planned evaluations are:
- grid spacers on a 37-element bundle, and
- a 41-element bundle design.

FACILITY

The MR-3 Freon modelling loop (1) i s capable of per-
forming heat transfer tests on ful l -scale CANDU fuel
channel geometries. The high pressure, high temper-
ature water which cools the CANDU reactors is mod-
elled using Freon. The u»e of Freon-12**allows com-
parison tests to be done at a ouch lower pressure,
tewp«acute, and ?aw«c, and s l ight ly lower flow.
Thus, the tests are done at a lower cost and in a
shorter t in*.

Table I gives the parameter comparison, advantages
and application of the use of Freon as a thermal-
hydraulic modelling fluid.

TABLE 1: Freon-12 as a Thermalhydraulic
Modelling Fluid

a)

Parameters

Parameter Comparison

Freon Hater

Pressure
Temperature
Flow
Power

1.5 MPa
60°C

10 kg-s"1

1.2 Mtf

9.6 MPa
308 °C

13.8 kg.s"1

20 m

b) Advantages

(1) Lower cost (factor of 10).
(2) More detailed investigation possible.
(3) Less stringent requirements for exotic mater-

ials and seals for test sections.

c) Application

Freon Data are applied to water conditions based
on:

(1) Theory of dimensional analysis.
(2) Experimentally verified water/freon data.

A schematic of the MR-3 loop Is shown in Figure 1 .
The simulated bundle equipped with an enhancement
technique is installed in one of the vertical test
sections. Subcooled Freon enters the lower end of
the test section at the desired flow rate, tempera-
ture and pressure. Electrical power supplied to the
bundle causes the Freon temperature to Increase,
and, in most tests, to evaporate to produce two-
phase flow. The Freon then passes from the outlet
of the test section to the vapour drum where the
liquid and vapour phases separate. The vapour phase
passes up into the condensers by convection where
some Is condensed. The condensed portion returns to
the vapour drum by gravity. The pressure is
controlled by varying the flow rate of cold water
through the condensers. The liquid Freon flows from
the vapour drum through the cooler, one or two
pumps, flow meters, flow control values, a preheater
and back to the test section inlet. The fluid
temperature at the test section Inlet is controlled
by varying the flow rates of cold water through the
cooler and hot water through the preheater.

* Some of the technique evaluations were/are funded
by the AECL, Ontario Hydro, Hydro Qu6bec, New
Brunswick Electric Power Commission, CANDEV Program.

**DuPont trademark for dichlorodifluoromethane,
refrigerant 12.
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The loop is capable of supplying Che test section
with flows to 21 kg.s" 1, pressure drops to 1.3
MPa and outlet pressures to 3.0 MPa. The approxi-
mate water equivalent value for flow is 31
kg.s" 1, and for pressure is 20.0 MPa. A vari-
able 1.2 MW DC, 10 000 ampere, 120 volt power supply
provides power to the test section bundle. The
approximate water equivalent for test section power
is 20 MW. The test section pressure, temperature,
flow and power instrument signals are connected into
an Interdata on-line computer. The computer pro-
cesses the signal valu.es into engineering units.
These are displayed on a cathode ray tube screen.
When desired, they are printed on paper and/or re-
corded on magnetic tape for further processing. The
instrument signals are also connected to a connector
panel where the desired signals are connected to
high speed chart recorders.

MR-3(fr«on)
HEAT TRANSFER LOOP1

at the upscream and downstream ends in copper blocks
with provision made for thermal expansion. Leaf
springs mounted on four of the outer rods located
the bundle eccentric in the flow tube as a U O T
bundle would sit In the bottom of a CA1TOU pressure
tube. A cross section of the bundle is shown in
Figure 4.

FIGURE 2: Five Spacer Plane Bundle Close-Up

t««t steilon

FIGURE 1: MR-5 Freon Loop

3CWDLE AND TEST SECTION

The basic test bundle was designed to be geometric-
ally identical to a CANDU PHW-750 fuel channel con-
taining twelve 37-element bundles with the indivi-
dual rods of each 50 cm long bundle aligned. The
simulated bundle was electrically heated and had a
uniform axial and depressed radial heat flux. (The
radial flux depression was 1.0/0.834/0.773/0.744).
The heated lengths were made of thin wall Inconel
tubing. The wall thickness was sized to give the
overall bundle resistance to match the power supply
and the desired radial heat flux depression. Copper
spool pieces were used to connect the tubes at the
bundle segmentations. Simulated end plates were
fitted over the spools. Figure 2 shows a portion of
the five spacer plane bundle. The simulated end
plate along with a CANDU bundle end plate are shown
In Figure 3. The end plates were constructed In
segments and brazed together as the bundle was
assembled. One metre lengths of thick wall copper
tubing were connected to the outer ends of the thin
wall assemblies to provide calming lengths, current
conductors, and carriers for bundle Instrumentation
leadwlres. Rod spacers and bearing pads made of
thin stainless ateel sheet stock were spot welded on
the rods to simulate those ,f the CANDU bundle. The
thick wall copper extensions termlr.ated

(left) Simulated Bundle End Plate
(right) CANDU Bundle End Plate

FIGURE 3: Simulated and CANDU Bundle End Plates

The test section into which Che bundle was installed
was essentially a 15.2 cm diameter pipe with a
fibreglass-epoxy liner. The liner simulated a CANDU
pressure tube and provided electrical Insulation
between the bundle and the pipe. A schenatic of the
bundle-flow tube assembly is shown In Figure 11.
The test section orientation was vertical with up-
flow through the bundle.
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-IGURE 4: Cross Section of Bundle as Seen Looking
Upstream

INSTRUMENTATION

The bundle was instrumented with thermocouples and
resistance temperature detectors (RTD's) for detect'
ing CHF. A movable thermocouple assembly and an RTD
assembly are shown in Figure 5 together with a
length of an Inconel heater tube. The downstream 50
cm long bundle where critical heat flux always
occurred first contained 15 movable thermocouples, 3
fixed thermocouples and 10 RTD's.

(top) Heater Tube
(centre) Movable Thermocouple Assembly with Exten-

sion Rod
(bottom) Resistance Temperature Detector

(RTD) Assembly

FIGURE 5: CHF Detection Instrumentation

The test section inlet and outlet temperatures were
measured by Immersion thermocouples. The inlet and
outlet pressures were measured by pressure trans-
ducers. The overall pressure drop was measured by a
low range and a hign range differential pressure
transducer. The test section pressure taps are
shown in Figure 11- The flow was measured by two
upstream turbine flow meters. Bundle power was
measured by a current shunt and a current-voltage
multiplier.

PROCESSING OF MEASUREMENTS

Critical Heat Flux

Bundle CHF was considered to exist when the first
dryout was detected as indicated by a bundle thermo-
couple reading increase of 5 K or an RTD signal
increase of 0.8 mV while the bundle power was being
Increased a small amount. Figure 6 is a plot of the
temperature of a bundle thermocouple increasing with
increasing bundle power. An Increase of S K is seen
to give a dryout power of 687 kW.

FIGURE 6: Determination of Dryout Power from Plot
of Thermocouple Temperature vs. Power

Prior to the tests, the movable thermocouples were
positioned at the 0° orientation as shown in Figure
4 and at the downstream limit of the heated length.
After dryout was detected at several thermocouple
locations during the initial run, and periodically
during succeeding runs, each thermocouple was rota-
ted and moved axially to check if dryout existed
elsewhere on the rod. Where dryout was found to
exist, the thermocouple was positioned at the loca-
tion of the highest temperature.

The CHF measurements for each enhancement technique
were compared to a correlation developed by Kalra
and Ahmad (9) and adapted by Groeneveld and Stewart
(2) to the reference bundle data. The form of the
equation as given by Groeneveld (3) as a function of
inlet subcooling is:

CHF (1) » A + B & H

where A • a(P + 0.1569)bGc

fd(P + 0.1569)eG
G

e G f

a • 35.567 b - -0.4799
c - 0.5534 d - 0.27376
e - -0.4571 f - 1.106

where P » Pressure, MPa
G « Mas3 flux, Mg.ra^.s" 1

H " Inlet subeooling, kJ.kg"1

CHF » Critical heat flux, leW.ra"2,
(bundle average)
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The average percent differences between the critical
heat flux determined from the experiment
(CHFEXp) and CHF (1) was calculated from

AVE.X DIF. - i (REL.DIF).100

where REL.DIF.

Pressure Drop

CHF,EQW

Pressure drop comparisons of the enhancement techni-
ques were made by calculating the obstruction pres-
sure loss coefficient from the single phase pressure
drop data. The procedure was as presented in refer-
ence 2, appendix A and reference 3 section 3.3.2,
and is briefly as follows. In the reduction of the
data several corrections were applied to the meas-
ured pressure drop (4P ) to give the pres-

across Che heated length only
These accounted for the pressure

sure drop
(AP ).

meas,c
taps being located beyond the heated length. They
consisted of frictional and gravitational pressure
losses over short lengths of the copper extension
rods, pressure losses over the outer end plates, as
well as pressure changes due to the flow area
reduction and expansion at the beginning and at the
end of the heated length respectively. The test
section gravitational pressure drop (dPg) and mom-
entum pressure drop (̂ -Pv)) were evaluated based on
the average of the inlet and outlet densities. The
overall obstruction pressure loss coefficient (ICj)
for a string of twelve aligned bundle segments was
then evaluated from the friction pressure drop
equation:

luated to date are as follows:

Bundle Appendages

The addition of bundle appendages (2) In the form of
two extra planes of bearing pads is shown in Figure
7. The bundle dryout power was increased by an
average of three percent with a range of one to nine
percent for equal Inlet subcooling, flow and pres-
sure.

8. 10 6. se
.96 •>[< 12

t

6 56 e.35

(DIMENSIONS IN cm)

FLOW

FIGURE 7: Location of Outer Rod Bearing Pads for
the Two Extra Planes of Bearing Pads
Experiment

Two Extra Planes of Spacers

The bundle before and after the addition of two
extra planes of spacers and bearing pads (3) is
shown in Figure 8. The bundle dryout power was
increased by an average of 12 percent with a range
of 10 to 20 percent. The obstruction pressure loss
coefficient was increased by 51 percent.

I REFERENCE 37 - ROQ FUEL BUNDLE

where L » total bundle length for string of
12 bundle segments, m

f * friction factor using Colebrook. and
e » 1.2 x 10"6m

De" hydraul ic equiva lent diameter, i , and
A P M , a P r , A P pressure drop over

meas.c

length L, kPa.

TEST PARAMETERS

The range of t e s t parameters i s given in Table 2.

TABLE 2: Range of Test Parameters

Parameter Freon Hater Equivalent

Pressure (MPa)

Nominal Mass Flux
(Mg.m-2.s-1)

Nominal Inlet Sub-
coollno (kJ.kg-^)

1.28
to

1.75

1.96
to

4.91

2.0
to

43.7

8

11

2

6

23

.28
to
.03

.72
to
.80

.2
to

511 .7

EVALUATION OF RESULTS TO DATE

The test results of the enhancement techniques eva-

(DIMENSIONS IN mm)

I I . 31 100 FUEL BUNDLE OESIOIED FOR ORYOUT ENHMCEUENT

BE.R.KO F.OS
0,, . ,

FIGURE 8: Bundle with Two Extra Planes of Spacers
and Bearing Pads

Flow Obstruction Vanes

The installation of flow obstruction vanes (4) is
shown in Figure 9. Two planes were installed with
the vanes located in the 12 "square" subchannels.
The bundle dryout power increase averaged zero with
a range of minus six to plus eight percent. Local
CHF downstream of the flow obstruction vanes was
greatly Increased. The obstruction pressure loss
coefficient was increased by 80 percent.
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VANE INSTALLED
IN SUB-CHANNEL

VANE PLANE-
LOCATIONS

FIGURE 9: Flow Obstruction Vane Installation In
Bundle

Centre Rod Removed

A cross section of the centre rod removed bundle
(5), I.e., a 36-element bundle, Is shown In Figure
10. The bundle dryout power increase averaged minus
seven with a range of minus nine to plus one per-
cent. The obstruction pressure loss coefficient was
decreased by 22 percent.

37- 36-Element Bundle Assembly

The 37- 36-element bundle (6) consisted of Che pre-
viously tested centre rod removed bundle with un-
heated filler rods installed in the centre rod posi-
tion In alternate bundles of the downstream half
length. Cross sections of the bundle assembly are
shown in Figure 11. When compared to the reference
37-element bundle, the bundle dryout power increase
was minus four percent with a range of minus nine to
plus one percent. However, when a comparison was
made with the centre rod removed bundle, the bundle
dryout power Increase averaged plus three percent.
The pressure drop was proportional to the 36- and
37-element bundle mix.

I /

T~ /

,| :

FIGURE 10: Centre Rod Removed Bundle Cross Section

FIGURE 11: Schematic of Bundle-Flow Tube Assembly
with Pressure Tap Locations and 37-
36-Element Bundle Cross Sections

Vortex Generators

The vortex generator Installation (7) was similar to
that of the flow obstruction vanes with two planes
being Installed in the 12 larger "square" subchan-
nels. The installation is shown in Figure 12. The
bundle dryout power increase averaged zero percent
with a range of minus seven to plus five percent.
Local CHF downstream of the vortex generators was
Increased. This is seen In Figure 13 on a local
dryout power contour map of rod 27. A high dryout
power area is seen downstream of the two vortex gen-
erators. Also seen are high dryout power areas
downstream of the spacers. The obstruction pressure
loss coefficient was increased by 14 percent.
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j—VORTEX GENERATOR
! INSTALLED IN
: SUB-CHANNEL

LOCATION OF
VORTEX
GENERATORS

(DIMENSIONS IN mm)

• 1 2 5

. VORTEX
GENERATOR PLANE LOCAT.ONS

FIGURE 12: Vortex Generator Installation In Bundle

FIGURE 13: Local Dryout Power Contour Map of Rod 27
of Vortex Generator Bundle

Four Extra Planes of Spacers

The addition of four extra planea of spacers and
bearing pads (8) is ahown in Figure 14. The bundle
dryout power Increase averaged 14 percent with a
range of 9 to 20 percent. The Increase In CHF en-
hancement for the four extra planes of spacers and
bearing pads (five spacer plane bundle), along with
the two extra planes, (chree spacer plane bundle),
is seen in the CHF vs. outlet quality plot In Figure
15. The obstruction pressure loss coefficient was
Increased by 73 percent.

82.5 82 5 —. 82.5 i 82 5 — 8 2 5 82 5

SPACERS a BEARING PADS 15 PLANES)

FIVE SPACER PLANE BUNDLE

{DIMENSIONS IN mml

Bundle with Four Extra Planes of Spacers
and Bearing Pads

FIGURE 15-.

OUTLET QUHLITT

Comparison of Reference , Three Spacer
Plane and Five Spacer Plane Bundle CHF
R e s u l t s , CHF v s . Outlet Qual i ty

FUTURE EVALUATIONS

The two eva lua t ions yet to be done are grid spacers
and a 41-element bundle.

Grid Spacers on a 37-Element Bundle

The planned gr id spacer eva luat ion w i l l use two
planes of grid spacers s imi lar to those used in a
31-element bundle eva luat ion (10) which r e s u l t e d in
l a r g e dryout power i n c r e a s e s . The grid spacers w i l l
rep lace the s i n g l a plane of spacers . The i n s t a l -
l a t i o n i s shown in Figure 16. Evaluations w i l l be
done with the grid spacers located a t :

a) the bundle mid-length,
b) one at the mid-length and one at the upstream end

plate position, and
c) one at each of the third bundle length positions.
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Advantages of grid spacers are expected to be:

a) Increased critical channel power,
b) restriction of fuel vibration and fuel bowing,
c) replace need for split spacers,
d) reduce flow stratification,
e) improve post-4ryout heat transfer, and
f) permit an increase in quality thus Increasing

thermal efficiency-

GRID SPACER

BUNDLE CHOSS-SECTIONBUNDLE SIDE-VIEW

FIGURE 16: Grid Spacer Installation in Bundle

Forty-One Element Bufldle

The 41-element bundle crosa section is shown in
Figure 17. In comparison with the 37-element bun-
dle, the elements in the outer ring where CHF often
occurs first, have been increased in nunber and re-
duced in diameter. The inner elements have been
reduced in number and increased in size.

ASSESSMENT OF ENHANCEMENT TECHNIQUES

Following completion of the CHF enhancment experi-
ments, an analytical assessment of each technique
will determine the resulting gain in channel crit-
ical power. The assessment will consider:

a) bundle CHF,
b) bundle pressure drop, and
c) hydraulic characteristics of the CANDU reactor

system.

The combined effect of these factors on critical
channel power nay be seen in Figure 18. The hydrau-
lic characteristics of the CANDU system for the
reference bundle are represented by the flow vs.
channel power solid curve. The reference bundle CHF
behaviour is represented by the CHF solid curve.
Where the two intersect is the critical channel
power for the reference bundle. (At powers above
the critical channel power, dryout occurs). In a
bundle in which CHF is enhanced and where pressure
drop is also increased, both curves move down in the
direction of the arrows- If the two broken lines
are the new positions, then the Intersection Is the
value of the critical channel power for the enhanced
bvindla. la this caae a. gain. t<i celt teal channel
power has been obtained even though a pressure drop
penalty was present. The gain for the two extra
planes of spacers technique was approximately seven
percent. Codes that nay be used for this assessment
are PREDROP and NUCIRC.

INCREASED CCP BY USING CHF ENHANCEMENT TECHNIQUES

— REFERENCE: BUNDLE

—» — CHF ENHANCED BUNDLE

FLOW v«. CHANNEL POWER CURVE

T-CHF

FIGURE 17: Forty-one Element Bundle Cross Section

CHANNEL POWER """"

FIGURE 18: Increased CCP by Using CHF Enhancement
Techniques

FURTHER DEVELOPMENT

Depending upon the assessment results, a decision
may be made to:

- perform additional tests on simulated fuel in the
Treon loop or In a "higH pressure water loop, or

- test the most promising technique In experimental
fuel.
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SUMMARY

The results of the enhancement techniques evaluated
on the 37-element CANDU bundle are shown In Figure
19. The two extra planes of spacers technique ap-
pears to be the most promising of the ones presently
evaluated. Large CHF enhancement values are expect-
ed for the grid spacers at the third bundle length
positions. Generally, techniques which enhance CHF
also produce an increased pressure drop penalty.

C*N«t H«* l

9>- |MI«M

CHP iMMNClMINT AVIHAM
CM fNMMeilKNr U W

• LOW aetr'ieiiNT I M M A M

FIGURE 19: CHF Enhancement Technique Results
(for equal inlet subcoollng, flow and
pressure)

Techniques for enhancement of critical heat flux
have given increases of up to 20 percent and expect-
ations for a fuel design with enhanced critical
channel power are good.
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A PARAMETRIC INVESTIGATION OF CRITICAL

HEAT FLUX IN A VERTICAL FORCED CONVECTIVE CHANNEL
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P. 0. Box 3-3 Lung-Tan

Taiwan 325, ROC

ABSTRACT

An experimental investigation of the parametric
effects on CHF was conducted in a forced convective
up-flow channel. Measurements were made using a 15-88
mm OD x 1.24 am wall x 3568 mm long uniformly heated
tubular tesc section, covering the pressure rcr.ge of
1.72 to 6.9 MPa, the mass flux range of 340 to 2500
Kg/m2s and the inlet subcooling range of L0 to 160°C.
The limiting quality phenomenon of CHF was consistent-
ly observed over a wide range of test conditions. The
test data were compared with Hewitt, Bowring and Biasi
correlations. Discussions were made with reference to
the sensitivities of these correlations in response to
the variation of test Conditions.

INTRODUCTION

In recent years, several comprehensive review
studies of worldwide research establishment in CHF
(Critical Heat Flux) ha.ve been given by Hewitt (1),
Bergles (2), Kitto (3) and Groeneveld and Snoek (4).
Despite the hundreds of laboratory investigations and
many thousands of data reported in literature, the
available data, as pointed out in (1), cover only a
small proportion of those cases which are likely to
be of practical importance in reactor design and safe-
ty analysis. The general lack of a qualification
procedure for the accuracy of the laboratory data and
the individual approach in defining the parametric
range and test conditions within the frame of which
CHF measurements were carried out have led to some of
the inconsistencies both among the CHF data bases and
in the interpretation of parametric trends. On exam-
ple can be sited here is the disagreement or conflict-
ing views among world CHF investigators (1,2,3)
regarding the limiting quality phenomenon of CHF. This
particular phenomenon has been observed, by some
researchers, to occur at a constant value of exit
quality at variable inlet subcoolings or mixed con-
ditions under a given mass flux and system pressure.

On the part of CHF modelling, Bergles (2) has
pointed out that accurate correlations are available
for water over rather limited ranges of conditions.
Groeneveld and Snoek (4) recently reported that there
were over 400 CHF correlations already published in
world literature, and the correlations were generally
obtained using a limited data base and were not valid
for the complete range of loss of coolant accident
conditions.

Accempts have 6een made first by Ooroshchufc et
al. (5,6,7,8) to construct a standard CHF table using
the results obtained from an 8 mm tubular channel as
a base geometry. The table technique has been con-
tinued and expanded recently by Groeneveld et al. (4)
to cover a much wider range in pressure, flow and
inlet quality. Due to Che limited range of data
available, certain portions of the CHF table were

constructed by extrapolations and other areas by
averaging available data within the right parametric
intervals. While tl : -ble technique appears to be
a potentially promiiii^ alternative for CHF evalua-
tions, additional verification work seems necessary
before the method gets its wide acceptance.

This paper presents the results of a series of
tube CHF measurements covering a reasonably wide
range of parametric conditions. The present inves-
tigation is intended to gain some additional in-
sights on the parametric influences on CHF, including
the limiting quality phenomenon. The data obtained
are compared with several popular tube CHF correla-
tions. Qualitative assessment on the performances
of these correlations over the present data set was
made.

FACILITIES AND TEST CONDITIONS

op.
conducted using the INER if. 5 MW high pressure boiling
water loop as shown schematically in Figure 1.

FTGWE 1. FUX SCHOMriC OF [ « » H10H PSESSUSE LOOP

Deionized water was used as the working medium which
was recirculated around the loop by a high pressure
centrifugal pump. Direct contact heat exchanger was
installed at. the exit of the test section for steam
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condensation. Helical type of subcoolers were used to
reject heat and to adjust the pump inlet temperature.
The loop temperature was controlled by a 330 KH pre-
heater. The test section inlet subcooling could be
maintained within 1°C of the desired temperature by
means of a 110 KW preheacer.

Test Section. The test section was made of 15.88 mm
(0.625 in.) 0D x 1.24 mm (0.049 in.) wall Inconel 600
tubing having a heated lengch of 3658 mm (144 ft.) as
shown schematically in Figure 2. tt was directly
heated by DC current. The power to the cest section
was charged by the SCR controlled 1.5 MW DC rectifier
with the aid of a remote control panel. The stability
of the DC power supply was within 0.1% over a period
of 8 hours. Tap holes of i mm diameter were drilled
at the test section inlet and outlet for system
pressure measurements. A total of three identically
designed test sections were used in an alternating
fashion for the convenience of maintenance.
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Instrumentation. The test section mass flux was
measured by carefully calibrated orifice flow meters
fitting the desired flow range. The differential
pressure drop across the flow meter was measured by
electronic transducers in conjunction with a high
pressure mercury manometer, which had a resolution of
20 mm water (0.025 psi) for instant vtsual verifica-
tion. The thermocouples for CHF detection are of 0.2
mm chromel-alumel wires, and were located at 16 axial
positions of the test sections as also illustrated in
Figure 2. Bare wire junctions were fastened to the
test section outer surface for quick temperature res-
ponse. Thin mica foil was placed between the thermo-
couple junction and the outer wall of the test sec-
tion for electrical insulation. A HP-85F data logging
computer combined with an 8-cnannei recorder were used
for data acquisition.

The test section was wrapped with 75 mm thick pipe
insulation to minimize heat loss to the ambient. The
amount of heat loss to the ambient was calibrated by
passing high temperature water through Che test

section and taking down the enthalpy decrease be-
tween the test section inlet and outlet. This was
done without power to the test section, at different
flow rates, various water temperatures and under
steady state conditions. The heat balance runs were
carried out for each flow meter used and at different:
coolant temperatures and power levels to the test
section. The results of heat balance calibrations
of the test section are given in Figure 3. It is
seen that the scatterings of the heat balance are
mostly within ±1.5%.

S >

0 + o 4.14 MPa, G
• » o 5.52 MPa, G

• 6.90 MPa, G

2500, 3800, 5200 Kg/n^si
2500, 3800, 5200 Kg/mJsJ

2500, 3800, 5200 Kg/m*s (4/85)

I ' i'

FIGURE 3. TEST SECTION HEAT BALANCE CALIBRATION

Test Conditions. The experimental conditions are as
follows:

Pressure : 1.72, 3.45, 5.17 and 6.90 MPa
at test section exit

Mass flow : 340, 680, 1000, 1250, 1500, 1875,
2000 and; 2500 Kg/m2s

Heat flux : Up to 2.2 MW/m 2

Inlet subcooling : L0 to 160°C
Exit quality : Up to 992

The standard approach of observing CHF was used.
This was done by maintaining the test section mass
flux, outlet pressure and inlet subcooling constant,
and meanwhile increasing the test section power in
small steps till the thermocouples at the top end of
the heated length experienced the first temperature
spikes.

The test section inner surface, where boiling took
place, was frequently cleaned, as brownish film or
powder-like coating could still appear over the heat
transfer surface after prolonged use. The contami-
nated surface, as demonstrated by subsequent tests,
required less power to reach CHF.

PARAMETRIC EFFECTS ON CHF

Major CHF Parameters. It is a generally recognized
fact that majority of the world CHF data published
to date have been obtained in simple georaecries. In
the analysis of tube CHF data, heat flux is often
postulated to be a function of five independent
variables. These are pressure, mass flux, inlet
subcooling, hydraulic diameter and heated length (or
the ratio between length to diameter). Although exit
quality is a dependent variable, it is also frequently
used in the development of CHF correlations. Surface
conditions and water chemistry, on the other hand,
can also influence the CHF data. However, systematic
measurements on the effects of these parameters have
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not been widely reported and data in this regard are
scarce (9,10). In the present study, the CHF pheno-
menon is further explored with reference to the above
mentioned parameters. The findings are described
below.

Mass Flux. Figure 4 illustrates the CHF versus mass
£lux plotting, using inlet subcooling as parameter.
Ihe apparently linear relationship between the heat
flux and the mass flux is noted. The mass flux

Groeneveld et al. (4) had recently suggested that CHF
reaches a maximum within the approximate pressure
range of 3^4 MPa.

In the present study, CHF was carefully measured
at four system pressures for a wide range of flow and
inlet subcooling conditions. For all cases tested,
the maximum pressure location is found to be at 3.45
MPa (500 psia). Figure 7 illustrates the typical
results of pressure effects on CHF, at two different
mass fluxes and six different subcoolings.
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effects can also be seen from the standard heat flux
versus inlet subcooling plottings as shown in Figures
5a and 6a which correspond to 3.45 MPa (500 psia) and
5.17 MPa (750 psia) respectively. Figures 5b and 6b
show che above two sets of results in the plottings
of heat flux versus exit quality coordinates. A
comparison between Figures 5a and 5b etc. leads to
the following observations : (i) The slopes of the
mass flux lines as shown in Figures 5b and 6b are
directly related to those of the corresponding mass
flux lines in Figures 5a and 6a. (ii) The limiting
quality phenomenon of CHF is clearly observed under
most of the flow, pressure and inlet subcooling con-
ditions of the present study, with the results shown
in Figures 5b and 6b being most typical.

System Pressure Effects. For all CHF tests in simple
and complex geometries, CHF has been observed to be a
function of system pressure. It is generally agreed
(11) that under a given flow and inlet subcooling,CHF
increases wich system pressure, passes through a
maximum, and then drops off. For water CHF measure-
ments in simple tubular geometries, a number of peak
pressure locations have been proposed by previous
investigators. Doroshchuk et al. (7) and Roko et al.
(12) had observed a maximum pressure near 4.9 to 5.0
MPa. Hsu (11) and Collier (13) reviewed different
data sources and pointed out that-the peak pressures
for CHF to occur range from 3.45 psia to 6.9 MPa.
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Inlet Subcooling. The present study covered a sub-
cooling range of mostly 10 to 100°C, in some cases up
to 160°C. The linear relationship appears to extend
to the highest subcooling tested. However, as pointed
out earlier, the slopes of the mass flux lines in the
subcooling plots of Figures 5a and 6a seem to have a
direct influence on the slopes of the mass flux lines
in the quality plots of Figures Sb and 6b. The same
comment is applicable to the results shown in Figures
8a and 8b. For example, the highest subcooling test
series is seen slightly bending upward in Figure 8a,
and consequently it has a slope in Figure 8b.
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Surface Contamination. At the beginning of Che expe-
rimental program, the test section inner surface was
found to be frequently contaminated in the form of
crud deposit by che recirculating water. This was
indicated by the elevation of wall temperature and
accompanied by a reduction of critical power during
the occurrence of DNB. In one occasion, there was an
up-stream burnout of the test section, due to exces-
sive crud deposic. A physical cleaning-up of the test
channel further substantiated this speculation.
Special efforts were then given to the maintenance of
a high level of water purity and a clean boiling
surface. Subsequently, the water resistivity was kept
at greater than 2 Mft/cm and the total dissolved solids
were maintained below 3.5 ppm during each start-up of
the loop ttoo. cold. A.C the. end at a. fu.lL day ouera.-
tion, the water conditions were deteriorated up to one
order of magnitude in both specifications. For a
large portion of the CHF data obtained in the present
study, the cest section inner surface was cleaned as
frequently as every few days in order to have highly
repeatable CHF results. For the same reason fresh
water was used every day. and two identically designed
test channels were used in turn. For each matrix
condition tested, the CHF results were repeated two to
four times. After a prolonged period of use with
these test sections, the CHF repeatabilities were
found noc as good as at the beginning of the test
program, even regular cleaning-up of the test channel
was still imposed. This would probably be due to Che
inability of restoring tfte boiling surface to its
very initial fresh conditions, using the available
cleaning-up technique.

Figures 8a and 8b give an example of the results
obtained with che same test channel under Che same
operating conditions but differing in the degree of
crud deposit. Curve A represents a fairly new channel
with a clean surface, curve B designates a newly
cleaned surface but after the channel being used on
and off over half a year. Curve C represents the
boiling channel contaminated by some crud deposit. It
Is seen that both curves B and C show a reduction in
CHF as compared with Curve A, under the same inlet

conditions. The range of CHF decreases between
Curves A and C due to crud deposit is estimated co be
from 122 to 14% at subcoolings 10°C and 60°C respec-
tively. The position of CHF does not seem to be
affected. The above observations appear to be con-
sistent with the tesulxs o£ Katbeth et a.!.. (.9}. How-
ever, it is to be pointed out that a reduction in
critical power at higher subcoolings tends to tile
the mass flux lines as shosra in Figure 8b.

THE LIMITING QUALITY PHENOMENON

It is generally accepted that there are two types
of CHF that could occur in evaporative channels. The
first one is postulated to be the DNB type which is
observed in subcooled or low quality boiling liquid
due to a transition from nucleate to film boiling.
The second one id postulated to be the DRYOUT type
which takes place at higher steam quality in a
dispersed-annular pattern of a vapor water flow, due
to the drying out of a thin wall liquid film. Doro-
shchuk et al. (5,6,7) advocated with experimental
support that the DNB cype of CHF occurs in Region I
of Figure 9, and the dryout type of CHF occurs in
Region II of Figure 9 at a constant or limiting sceam
quality under a given system pressure, mass flux and
channel geometry. Region III shown in the above
figure is also of the dryout type of CHF but is
associated with the deposition controlled dryout in
a dispersed flow and occurs at very low heat fluxes.

CHF VERSUS £*IT OUALITY - UITH
LIMITING QUALITY PHENOMENON IN
REGION II

Doroshchuk eC al. (7) conducted CHF measurements
using an 8 mm uniformly heated tube over the pressure
range from 4.9 to 18.6 MPa and the mass flux range
from 750 to 3000 Kg/m2s. B^sed on the limiting qua-
lity phenomenon concepc, Doroshchuk's VTI team colla-
borated with the USSR Academy of Sciences and pu-
blished in 1976 (8) a standard 8 mm ID tube CHF table
within the parametric range of pressures from P-2.9
to 19.6 MPa and mass fluxes from 750 to 5000 Kg/m2s
with various inlet subcooliflg conditions. Semi-
empirical correlations were developed (7) for compu-
tation of CHF and the corresponding critical quality
covering a channel diameter range of 4 to 16 mm.

Since the publication of the USSR standard 8 mm
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cube CHF cable, considerable incerescs have been

generated with respecc Co che limicing quality phe-

nomenon and che table technique for CHF evaluation.

So far che major portion of che limiting quality CHF

data were reported by che Soviet researchers. In

recent years, Smolin et al. (14), Hewitt (1), Bergles

(2), Kitto, Jr. (3) and Katto (15) had conducted

review studies on che limiting quality phenomenon of

CHF. Some of the auchors have presented data and

discussions which both support and refute the exis-

tence of the limiting quality phenomenon. At this

point, additional laboratory data are always useful

in the assessment of the parametric effects on this

particular phenomenon. The CHF data obtained in the

present study have, on the one hand, demonstrated the

existence of the limiting quality phenomenon and, on

che other hand, supported the argument that the limit-

ing quality phenomenon is not universally obtained in

practice. The following would summarize the observa-

tions and analysis made on this particular phenomenon

in this study.

• The limiting quality phenomenon does exist for

certain range of testing conditions. This is in

agreement with the conclusions established by

Kitto (3). It was observed over a major portion

of the present test matrix. However, as expe-

rienced in the present study, the boiling channel

inner surface conditions could affect the repro-

ducibility of the limiting quality CHF data.

Generally speaking, cleaner surface tends to

produce the limiting quality phenomenon, under

otherwise all similar operating conditions.

• The limiting quality phenomenon of CHF can be

observed with highly subcooled inlet conditions

in a closed recirculating loop. It is not limited

to the once through type of test sections as used

by Doroshchuk (7). This is in agreement with

Kitto's (3) findings and clarifies the doubts

raised by Hewitt (1) and Smolin (14).

• A comparison study between one series of the

present data and chose obtained by Doroshchuk et

al. (7) under the same operating conditions is

shown in Figures 10a to 10c. The dotted lines

represent the 13.4 mm equivalent prediction

results transformed from the original 8 mm VTI

data using the correlations given in (7). It is

seen that as the diameter increases both CHF and

exit quality decrease. Considerable deviations

- are noted between the present 13.4 mm test data

and the VTI equivalent data.

• When there is a contamination on the boiling
channel surface by crud deposit or after a long
period of operation with a given test channel,
the limiting quality CHF data seem not readily
reproducible even using the same test channel
and under the same loop operating conditions.
In another words, both a vertical line and a
sloped line can appear in the limiting quality
region of the idealized CHF curve and represent-
ing the same test condition. Typical examples
are shown in Figure 9b.
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COMPARISON WITH CHF CORRELATIONS

Comparisons were made between the present data and
three tube CHF correlations by Hewitt et al. (16),
Bowring (17) and Biasi et al. (18). The DNBR (De-
parture, from Nucleate Boiling Ratio) is used as che
comparison basis, which is defined as the ratio of the
predicted CHF on a local condition basis to the CHF
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data measured at the corresponding conditions. By
-his dfc.-inition, a perfect correlation would give a
DNBR of 1.0 for all CHF test points. The DNBR can be
plotted versus various operating parameters for a
qualitative assessment of the performance of a par-
ticular correlation. In the present analysis, the
DNBR is plotted versus exit quality with system
pressure and mass flux as variation parameters.

Out of the four pressures tested in this study,
Figures lla and lib represent respectively the least
and the largest deviations obtained from Hewitt's
correlation. Similarly, Figures 12a and 12b give the
results from Bowring's correlation and Figures 13a
and 13b present the results from Biasi's correlations.
Taking all cases into account, the Hewitt correlation
shows the best general performance. The predicted CHF
results are mostly within ±15%, as shown in Figure lla,
for all mass fluxes, system pressures and inlet sub-
coolings, except at the medium low mass flux where
over-predictions between 20 to 25% occur at the two
lower pressures. The Hewitt correlation is compara-
tively sensitive to inlet subcoolings at lower pres-
sures as shown in Figure lib. The Bowring correla-
tion predicts the present data within ±102 at the
medium mass fluxes of 1250 and 1875 Kg/m2s for all
pressures and most of the inlet subcoolings tested
as typically shown in Figure 12a. The greatest devia-
tions are found to be at the highest mass flux, with
an under-prediction of 20% at 1.72 MPa, and also at
Che lowest mass flux, with an over prediction of 30%
at 6.9 MPa. As shown in Figure 12b, the Bowring
correlation is more sensitive to flow variations. The
Biasi correlations give the largest deviations among
the three prediction methods. The correlations per-
form comparatively better at 6.9 MPa as shown in
Figure 13a, but still in the range of t25%. The
maximum deviations are associated with the lowest
system pressure of 1.72 MPa as shown in Figure 13b.
Biasi correlations seem to be very sensitive to inlet
subcoolings at lower pressures.
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CONCLUDING REMARKS
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• Peak CHF values were always observed to occur in
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conditions of this study.

• The limiting quality phenomenon of CHF was con-
sistently observed for most of the test condi-
tions of this study. The occurrence of this phe-
nomenon seems to be affected by the conditions
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FACILITY FOR DETERMINING THE HEAT TRANSFER CHARACTERISTICS
OF PRESENT AND VOVEL CANDU FUELS

C.F. FORREST
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Wescinghouse Canada Inc.
Hamilton, Ontario L8N 3K2

1. INTRODUCTION

There is a large economic inc^ntivc Co iinoroVG
the thermalhydraulie characteristics of nuclear
fuel. An increase in critical power of only a few
percent will result in a considerable reduction in
energv costs. Several bundle design changes (dif—
t'erent number of fuel elements, end cap mod if i-
cacions, graded elements, etc.) have been proposed
which look very promising. A test faci1ity, the Fuel
Heat Transfer Assessment Rig, has been constructed
to provide a tool tor evaluating the proposed
improvements, and preliminary tests have been
•:amed out with a 37 element simulated fuel string
to establish reference values of pressure drop and
maximum heat reject ion rates for various flows »
subcooling and bundle junction alignments. This
paper describes the test facility, instrumentation
and test procedures.

2. TEST FACILITY

The test loop consists of a high pressure pump, a
HOO kW preheater, a venturi flowmeter, a flow
control valve and a steam-water separator. Pressure
Is controlled with a valve in Che 1ine from the
separator to the condenser. Flow to Che condenser
returns to the loop, via a boiler feed pump, as
cooling water and spray condensing water to control
the separator level. All piping and fittings conform
t̂> Section VIII of the ASME Pressure Vessel Code.

The test channel, shown in Figure ], is approx-
imately 3 m long. It is made up ot a Zircaloy
pressure tube rolled into end fittings containing
Grayloc closure connections. Flow enters the end
fitting via diametrically opposite ports into an
annular sect ion and then enters the pressure tube/
bundle section radially. The annular section is
machined eccentric so that the effective flow area
decreases as the flow spreads circumferentially-
This ensures a more uniform flow distribution
entering the bundle. The channel exit is similar
except that the annulus has a uniform gap.

The bundle shells into which the heaters are
inserted are clamped to the inner surfaces of the
closure hubs and are sealed with metal O-rings. At
the downstream end the closure hub containing holes
for the heater penetrations is clamped to the r>nd
fitting. At the upstream end > the hub is a perfor-
ated cy1inder and closure is effected by mean s o f a
V—ring packing gland. Actuators are provided to
transmit rotational and translational movement to
this hub, to adjust the bundle junction alignment
and the gap between the two bundles. Rotation of
greater than 60° is possible» which is more than
adequate for both 37 and 28 element designs which
have angular symmetry of junction £low blockage
(except for end plate effects) of 30° and -*5",
respectively.

Figure 1: Test Section With Upstream Bundle
Shell and Heaters Removed
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Two f u«*l bund 1«* simulators are installed in the
'"hannel , one f rom ea*rh end, forming a represent at ive
juncc ion. Each bund I*3 " shel 1" is made up of Zircalov
•* fuel sheaths with brazed appendages and end caps
welded to one end. These are assembled into a bundle
by welding the capped end oi each sheath to a stand-
ard end platf and the other to a flange. For the
initial test program the reference bundle design is
the CANDtJ 600, At 0.5 m from the end plate of each
bundle shel1» end plate simulators are provided;
they are made up of spacers brazed to the sheaths
and provide a projected fLow area similar to an end
plate.

The upstream shell is approximately 2 m long and
the downstream shell is about L m long. Indirectly
heated, 0.5m heated length heaters are inserted
into the shells, providing a total heated length of
t m. Thes** heaters employ f i laments laser machined
from Inconel tubing, compacted boron nitride preform
insulation and nickel sheaths. The additional 1.5 m
of unheated length on the upstream and 0-5 on the
downstream shelIs, respectively, is provided for
flow development•

AC power to the two bundles is provided using
nine individually controlled supplies having a total
range of 0 to 3.5 MW. Power from these supplies is
ted to groups of heaters in each of the bundles: two
groups of 9 outer ring elements, one group of 12
middle ring elements, one group of 6 inner elements
and the two center elements. This allows adjustment
oi the radial power distribution to be approximately
representative of a CANDU 600, viz. 1.13/0.92/0.81/
0.76.

3. INSTRUMENTATION

Figure 2 shows the test se<~t ton instrumentation.
Axial pressures along the bundles are mom tored at
12 locations with diametrirally opposed pressure
taps connected to capacItance-type differential
pressure transmitters. A separate transmitter
measures the total pressure drop across the channel
and serves as a check on the sum of the individual
measurements. The taps are 1.5 mm diameter. The tap
connections are mechanically attached to the
pressure tube, which results in more robust
connections and in less distortion on the pressure
tube I.D. than welded connections.

Heater sheath temperatures are monitored using
0.5 mm diameter, ungrounded, type K thermocouples
rolled into round bottom grooves in the heater
surface > in contact with the Zircaloy sheath. The
small gap around the junction is filled with silver
solder. Figure 2 gives the initial locations of the
90 thermocouple junctions which monitor various
subchannel and gap locations at these axial planes.
Since the heaters are removable, they can be rotated
to place the thermocouple junctions at any desired
angular position.

Electrical power to the nine bundle zones and the
preheater is measured with Watt transducers which
are connected to current transformers monitoring
zone current, and voltage taps monitoring the
voltage drop across the heater group. Tn addi tion,
the current and voltage to individual heaters m th»?
downstream bundle and groups of heaters in the
upstream bundle are measured and used to calculate
heater resistances, which serve as indicators of th«*
condition of the heater filaments during test ing.

PLANE 1

CHANNEL CROSS-SECTIONS (LOOKING UPSTREAM)

PLANE 2 PLANE 3

T/CS

FIGURE 2: TEMPERATURE AND DIFFERENTIAL PRESSURE INSTRUMENTATION
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-. DATA ACQUISITION AND PROCEDURES

Signals from the measuring devices are acquired
by .1 data acquisition system consisting of a Hewlett
Packard Model 1000 mini-computer with hard disk and
magnetic tap* storage, afrfj a total ot \7& ctiamiftYs
ot A/D conversion. The data are acquired and con-
certed to engineering units at a rate of about 3
samples/s/channel. At each test point, data are
averaged over a 30 s period and the averages
recorded. At dryout conditions, a 10 s to 20 s time
dependent scan is also taken where the individual
readings are recorded directly on tape.

In addition to acquiring data, the computer
performs two other functions; dryout detection and
bundle power control. The primary dryout detection
is with chart recorders, and two 3 channel Offner
Dynographs are used for this purpose. The computer
detection routine scans all the thermocouple
channels to determine whether spikes indicating
dryout occur. The computer also sends set point
voltages to the bundle power controllers to allow
the power to be incremented and decremented using a
pushbutton actuator. The set point voltages are
calculated using prescribed radial power ratios and
ratio of upstream to downstream bundle power. Power
to all zones is incremented simultaneously.

A second computer, a Hewlett Packard Model A600
with 80 data channels, is used to acquire the heater
currents and voltage drops. Resistances are calcu-
lated from these data and averaged values are
displayed on a monitor, if any measured resistance
deviates from a reference value, which is updated
periodically, by more than a preset value, a signal
is flashed to the video screen.

Dryout conditions are reached by slowly incre-
menting the power to the pundles while maintaining
the required flow, pressure and inlet subcooling.
Onset of dryout is generally manifested as temp-
erature excursions observed on the dynograph or
sensed by the dryout routine on the compucer. The
power is incremented until the excursions reach 10K
to liK, which is the criterion used to establish
dryout. It while approaching dryout the excursions
are very large, the power is backed off and the
point is approached more sslowly.

available to use in conjunct ion with subchannel
codes in the design of improved bundles - In
add it ion, more fundamental effects such as th**
location of the boiling boundary and other upstream
effects will be determined by operating the upstream
bundle at a higher or lower pover tViaT\ xVie down-
stream one, and introducing cjual ity at the inlet.
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^. TEST PLAN

Over the next few year* the plan is to test
reference 37 element and 28 element bundle designs,
and then follow with test* on improved bundles.
Oesign changes may include relatively simple
modifications such as streamlined end caps and end
plates to decrease pressure drop, as well as the
incorporation of critical heat flux enhancement
devices such as additional appendages, grid spacers,
etc. These modifications can be accommodated in the
test rig at minimal cost. Other modifications may
include different numbers and sizes of elements etc.

Each bundle design will be characterized over a
cai\̂ ,e of mass flows, subcaolin%3 and treasures, A
sufficient number of repeat tests will be carried
out to determine the uncertainty in the measured
dryout power and pressure drops. This is very
important since the main objective is to rank the
various design improvements* Since the power to
various zones can be independently controlled, the
effect of heat flux distribution on dryout power can
be easilv determined. This information is then
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ABSTRACT

The methodologies considered in the computation
of the thermal margin in CANDU* reactors are
presented. In CANDU reactors, 12 or 13 fuel
bundles (0.5 m long and containing 37 elements
each) in pressurized horizontal channels are cooled
by heavy water at a pressure of 10 MPa and an
average mass flux of 7 Mg.s~l.m~2. The thermal
limit of the fuel channel is defined by the
critical channel power which is evaluated using
critical heat flux correlations derived from full
scale experimental dcta. The data base as well as
some experimental observations of the heat transfer
behaviour of a prototype fuel string are described
in the paper.

For the thermal limit, fuel dryout defined as
the first occurrence of temperature rise anywhere
in the bundle i3 chosen at present as the
criterion. However, in the full scale experiments
the sheath temperature of the 37-element fuel
bundle at dryout was observed to be moderate. The
experimental results suggested that the present
criterion is very conservative and operation beyond
dryout under accident conditions would cause no
safety concern, thereby allowing an increase in the
thermal limits as us-S to determine regional
overpower trip protection settings. For example,
we estimate that if a sheath temperature of 375°C
was taken as the criterion, the fuel channel
thermal limit could be raised by up to 5%,
depending on the channel heat flux and the flow
conditions. At AECL, more realistic thermal limit
criteria are being studied. These alternative
criteria are discussed in the paper.

CANDU - CANadian £euterium Dcintua, is a
registered trade nark of Atonic Energy of Canada
Ltd. (AECL).

INTRODUCTION

One of the highly desirable features of a CANDU
reactor is the capability of refuelling the reactor
while operating at full power. During refuelling
and several other power maneuvers, power output in
some core regions increases. The thermal margin of
the reactor which limits such power increases, is
evaluated through the calculation of critical
channel £ower (CCP). The CCP results are used to
establish the neutron flux detector trip settings
for the regional overpower protection system of the
reactor. Presently for the CANDU reactors, the CCP
corresponds to the minimum channel power required
to cause dryout on the fuel sheath anywhere in the
fuel channel. The onset of sheath dryout has been
taken am the limiting criterion for reasons of
conservatism and relative simplicity of calculation
and not for the reasons of physical limitation of
the fuel element or channel materials.

For obvious economic reasons in the operation of
a reactor power plant, it is desirable to increase
the thermal output of the reactor. This has to be
achieved without compromising the safety margins.
One simple way to increase the reactor output power
is to reduce the uncertainties in the prediction of
the conditions at CCP. Therefore in Canada,
extensive full scale, simulated CHF and post-CHF
experiments which were jointly funded by AECL and
Ontario Hydro were performed to study the heat
transfer performance of the 37-element fuel bundle.
The experiments have provided relevant CHF data for
the development of accurate correlations for
reactor design. In addition, post-CHF results
showed that the sheath temperature increase at
dryout was moderate and the sheath temperature
increased gradually with further power increase.
The heat transfer data indicated that for the
37-element fuel bundle, the onset of dryout as the
criterion of CCP is conservative and other more
realistic criteria for CCP should be considered.
In this paper, the present criterion (onset of
dryout) as well as the alternative criteria for CCP
are discussed. The methodologies to evaluate the
CCP based on these criteria are also presented.
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DRYOITT BEHAVIOUR

In general when a heated surface drys out in
forced convective boiling, the surface heat
transfer deteriorates ana the surface temperature
increases. The amount of temperature increase
depends on the flow conditions and the surface heat
flux. Therefore, to decide whether dryout is to be
taken as the limiting criterion for the
determination of the critical power, the dryout
behaviour at various flow conditions must be
considered.

Experimental studies of flow boiling in Freon-12
(Groeneveld (Ref. 1)) and water (Borodin (Ref. 2),
Era (Ref. 3)) have shown that the types of dryout
observed can vary drastically. The types of dryout
discussed beiow have been observed in electrically
heated tubes and bundles.

KALf * XTCION

W FAST OftYOUT

Flgur* i Ex.implw ol thtrmocoupl* tracn obulntd at dryout In Frton-12
(tt indicitts IncrMiia in tatt uetlon powar)

1) Fast Dryout (Figure la) is characterized by a
sudden very large increase in surface
temperature. In CHF experiments, fast dryouts
usually activate high temperature trips,
tripping the power supply and thus preventing a
physical "burnout" aC the heater. Fast dryout
is usually observed at very high heat flux
values and subcooled conditions where the
mechanism of dryout corresponds to that of
departure from nucleate boiling (DNB).

2) stable Dryout (Figure 1b) is characterized by a
sudden but moderate rise in surface temperature.
This type of dryout occurs at conditions typical
of the annular flow regime. The combined effect
of evaporation and net entrainment slowly
depletes the liquid film and eventually results
in a liquid film breakdown or a film dryout.

3) Unstable Dryout (Figure 1c) does not provide us
with a well defined di:yout point. Instead a
dryout region, characterized by fluctuating
temperatures, corresponding to the appearance
and disappearance of dry patches, is observed.
Unstable dryouts generally occur at qualities
higher than those of stable dryouts.

\
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Figure 2 Example of slow dryout obtained in
water In 37-rod bundle with uniform heat flux

4) slow Dryout (Figure 1d, 2) i s not accompanied
by the usual dryout temperature excursion;
ins tead , a gradual increase of surface
temperature with power i s observed. Slow
dryouts are often di f f icul t to detect because of
the absence of the dryout temperature excursion.
Figure 2 shows an example of a 3low dryout
thermocouple signal in water. Slow dryouts are
usual ly observed at high mass v e l o c i t i e s
(greater than 3.0 Mg.nr2.s~ l in Freon-12 and
water).

ONSET OF INTERMITTENT DRYOUT (OID) AND
ONSET OF DRY SHEATH (ODS)

The classical view of the dryout heat flux is
that of a heat flux limit, which results in a steam
blanketing of the heated surface. In the past,
this has been assumed equal Co the heat flux at the
departure of nucleate boiling. This assumption is
valid for stable and fast dryouts, usually obtained
at low flows and/or subcooled or low quality
conditions. However, for slow dryouts these two
heat flux limits c»n oilfel significantly as is
illustrated in Figure 3. The region between the
two heat flux limits corresponds to the transition
boiling regime. It may be viewed at an
intermittent dryout regions here the heated
surface temperature is too high to maintain
continuous liquid contact but too low to maintain a
continuous vapour contact. The intermittent dryout
region is bounded by the onset of intermittent
dryout ( T O T D ' I * Q T D ' " t h e l°wer temperature and
heat flux boundary and the onset of dry sheath
<T n n c,q 0 D S) as the upper temperature and heat flux

On*#t of Intwmrttwit Oryout condition {OID)

— Corrmponds to flnt «mp#ntuf» spiki or dtvi.iion
Irpm nudtatt boiling curva

— Eflcoynimd during unit ibi* and stow dryout
contact may occur (Mywfi O/O

OntM of Dry 5lw«ti conation (OOS)

— a a w c a l definition.

— Cwmpondt to wgnnicant rit* in Tw
— Typical ol ftw or M o t * dryoutB
— No HQUM-WMC contact M t r ODS

f. REGION OF POSSIBLE
TEMPERATURE
FLUCTUATIONS

Rgure 3 Dryout heat flux definitions
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Figure 3 illustrates the position of the ODS and
OLD conditions for stable and slow dryouts. Mote
that for a stable (and fast) dryout q Q I D * 'iocs

 a n d

hence the transition boiling curve region is
skipped once the CHE" is exceeded. At a higher flow
and/or coolant enthalpy, the post-CHF heat transfer
in much more efficient and consequently the slope
of the transition boiling changes to a positive
value* This eliminates the dryout temperature
excursion into film boiling*

Some temporary variation in surface temperature,
corresponding to intermittent wetting and drying
out, may still be observed during unstable dryout
as shown in Figure 1c. These temperature
fluctuations tend to disappear at the higher powers
(beyond 1'0DS.

<J0DS) where liquid surface contact can
no longer take place. Slow dryouts are usually not
accompanied by temperature fluctuations. However,
slow dryouts are usually observed at conditions of
higher mass flows where the two-phase flow mixture
is fairly homogeneous (probably a froth type flow);
hence. i may be that if fluctuations in sheath
tempera-_ure are present, they are of such high
frequency that they are damped out by the thermal
inertia of the heated surface.

Aside from the observations made during the
study of various types of dryout, other studies
have also shown the existence of an intermittent
dryout region. Parker (Ref. 4) performed heat
transfer experiments on a steam-mist flow in a
directly heated tube at low pressures. At
locations just downstream of annular film dryout,
the wall superheat was modest and the heat transfer
was relatively efficient: the heat transfer
coefficient was 3-6 times the dry sheath
coefficient encountered further downstream the
tube. A similar observation was made by Groeneveld
(Ref• 1J who performed dryout and post-dryout
experiments in Freon-12 in a directly heated tube.
These observations could be explained by
considering the effective wall-droplet heat
transfer due to "sputtering" of depositing droplets
at temperatures less than the minimum film boiling
temperature.

CHF AND POST-CHF PERFORMANCE
OF 37-ELEMENT BUNDLE

For the development of the CHF correlation, CHF
and post-CHF experiments in light water were
performed on electrically heated 37-element, 6 m
long (12 bundle length), segmented simulated fuel
string* mounted horizontally. Radial flux
depression towards the bundle centre (typically 1;
.95; .78; .75) was simulated and both uniform and
smooth, outlet skewed-coaine axial heat flux
profile* were tested. A schematic of the simulated
fuel string* is shown in Figure 4 and the
non-uniform axial flux profile tested is shown in
Figure 5. The smoothly varying axial flux profile
was achieved by varying the tube wall thickness
linearly along the heated length a« shown in
Figure 4. Since the outlet skewed cosine flux
shape is representative of the worst flux shape
expected in the reactor during normal operation,
CCP calculation* based on this flux shape are
conservative. The fuel strings were instrumented
with resistance temperature detectors for detection
of dryout. In addition, movable thermocouples were
installed for detection of the location* of dryout

- TVALVC OJ M LOW riCAT tVNOt£S-
0.«mH6ATIO . ,

ELEMCHTL£MTH~°1 P ~

SEEOCTAU.A
FOB NO*tUN*OfUJ
AJGAL HEAT FUJX

EUMEHT

I FDLM tauALLENSTHSWim I
r UNCAW.Y VAKYMO W«U TMWWfSS ~

Figure 4 Test section schematic

2.0 3.0 4!o

AXIAL LENGTH (m)

Figure 5 Variation ol local heat flux along
simulated fuel string in water experiments

and for measurement of the post-dryout sheath
temperatures as well as the spreading behaviour of
the drypatch. More detailed descriptions of the
test sections and instrumentation are given in
Ref. 5 and 6. Besides tests on the 6 m long fuel
strings, CHF and post-CHF data at low qualities
'about 2%) were obtained on the same uniformly
heated string but with 3 m long heated length. The
data base covers the following range of nominal
flow conditions:

System Pressure, HPa
Mass Flux, Mg.s-1.m~2

Inlet Subcooling, kj.kg
Dryout Quality, %
Dryout Heat Flux, HH.m'2

Poat-Dryout Power Ratio,

l P O W* r )PDO / ( P O W # r )DO
Maximum Wall Temperature,

CHF Performance

7. - 11 .
1.5 - 5.

100. - 600.
2. - 40.
0.5 - 1.8

up to 1.

600

.15

The dryout behaviour of the simulated fuel
string* exhibited the usual parametric trends.
However, the increase in sheath temperature at
dryout was observed to be small at the conditions
tested. A typical temperature response of the
heated element reaching dryout in the cosine heat
flux experiments is shown in Figure 6. It is
evident that the dryout behaviour is typical of the
slow dryout and is consistent with that observed in
simple geometries at high flows. In the case of
the 37-element bundle geometry, the modest increase
in sheath temperature at dryout wa* also attributed
to the effect of end plates and the spacers. The
spacing device* tend to increase the turbulence in
the flow and enhance the droplet to wall heat
transfer (Ref. 7). Therefore, for the 37-element
bundle, the first indication of sheath temperature
rug correspond* to the OID.
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As the surface heat flux was furthor increased,
the sheath temperature rose gradually. An
appreciable amount of power increase was needed cor
the sheath temperature to reach the minimum film
boiling temperature. The sheath temperature
response shown in Figure 6 gives an indication of
the difference in powers.
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Beyond the true dry sheath conditions defined by
the minimum film boiling temperature, the sheath
temperatures remained moderate, leas than 600 °C
even at powers 15% above the dryout power. Typical
post-dryout heat transfer behaviour of the
non~uniform heat flux string is presented in
Figures 7 and 8. In Figt e 7, the maximum sheath
temperatures (disregarding the circumferential
position) along the heated element of a bundle at
various post-dryout power levels are shown.
Maximum sheath temperatures occurred at regions
just upstream of the spacer plane and the end
plate. Downstream of the end plate and the spacer
plane, the sheath temperatures remained low due to
the presence of the spacing devices which increased
the turbulence level in the flow and hence the heat
transfer downstream. In Figure 8, the spreading
behaviour of the drypatch studied in Ref. 6 was
reproduced. The drypatch spread axially and
circumferentially. However, significant power
increase was needed to establish a complete
circumferential drypatch. Even so, the exte.it of
the high temperature regions was only a small
fraction of the surface of the element.
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CRITERIA FOR THE ASSESSMENT
Of CRITICAL CHANNEL POWER

For safety considerations/ a necessary condition
in the assessment of the CCP is to ensure the
integrity of the fuel channel. And, for economic
considerations, the fuel bundle has to be re-usable
after returning to normal from the critical
conditions. Therefore, in choosing the criterion,
the behaviour of the fuel channel at the critical
conditions has to be considered as well. For the
37-element fuel, heat transfer experimental
observations suggested that the present use of the
onset of fuel sheath dryout as the thermal limit
criterion is conservative. Operation beyond dryout
is not necessarily detrimental to fuel element and
fuel channel integrity. At AECL, alternative
thermal limit criteria are being considered.

3asically, these criteria can be classified as
conditions before and after a true dry sheath
condition. The true dry sheath condition can be
define^ by the minimum film boiling temperature.
Below tie minimum film boiling temperature, the
liquid paasa (droplets) in the flow can contact the
heated surface. The pre-dry sheath criteria are:

1. Onset of intermittent dryout (OID) - the
critical conditions correspond to the first
indication of sheath temperature increase from
the completely wetted sheath temperature. This
is the conventional definition of dryout.

2. Onset of dry sheath (ODS) - the CCP conditions
correspond to the sheath temperature reaching
the Tiinimum film boiling temperature. The
minimum film boiling temperature depends mainly
on the system pressure. At 9 MPa pressure, the
minimum film boiling temperature predicted by
the correlation of Groeneveld and Stewart
(Ret. 8) is 375°C. This temperature is taken as
the ODS temperature.

Depending on the flow conditions and the surface
heat flux, the OID and ODS conditions may coincide.
In the case of the 37-element bundle, an
appreciable difference exists between the OID and
ODS powers. Difference of up to 5% at conditions
of interest was observed. At these critical
conditions, the sheath temperature remains moderate
and only the heat transfer aspects need to be
analyzed.

At higher aheath temperatures, besides the heat
transfer, other physical phenomena - element
bowing, sheath strain, pre»«\ire tube integrity,
etc., leading to the poat-dry aheath criteria have
to be analyzed.

METHODOLOGIES TO EVALUATE CCP AT AECL

The regional overpower protection (ROP) system
in CANDU reactors protects the reactor against
overpowers in the reactor fuel that could arise
from various perturbations in the power shape or
during a loss-of-reactivity-control power
transient. The basic safety design requirement for
tnis system is that the integrity of the primary
heat transport system be maintained if an overpower
condition were to occur. Then in the event of fuel
failure, any released radioactivity is retained
within the primary heat transport system, thus
preventing any possibility of a release to the
public.

CCP is one of the basic parameters required for
this system design.

The methodologies used to assess
broadly separated in two groups:

CCP can be

- prevention of exposing any fuel element in the
core to post-dryout (PDO) conditions, which will
be called dryout methodologies, and

allowing a small fraction of fuel elements to be
exposed to post dryout conditions and called PDO
methodologies.

Dryout Methodologies

The dryout methodologies require only CHF
correlations to assess the CCP because they lead to
sheath temperatures that do not compromise its
integrity.

Two thermal
AECL:

limit criteria are followed at

CCP evaluation based on
intermittent dryout (OID),

the onset of

- CCP evaluation based on critical sheath
temperature. The onset of dry sheath (ODS}
methodology is presently based on a critical
sheath temperature of 375"C.

The dryout methodologies lead to a convenient
but conservative safety design criteria.

OID Methodology

The neutron flux detector trip settings in the
CANDU 600 are baaed on CCP'a calculated using OID
as thermal limit. A local conditions CHF
correlation was used and having the following
functional form

For the post-dry sheath criteria, they could
be:

1. Onset of fuel centreline malting (CLM) - this
criterion reflect! a readily definable physical
condition of the fuel element.

2. Other criteria between the ODS and the CLM
criteria - these could be: an arbitrary sheath
temperature higher than the ODS; onset of
significant bowing of elements in which the
normal geometry heat transfer is affected.

CHF

where P » pressure
G - mass flux
X - quality

The coefficients Ax to A 9 were fitted from
experimental data obtained at AECL-Research Company
under CANDEV program with a uniform axial heat flux
profile (Ref. 5). The effect of having different
coolants in test facility and reactor, i.e. light
water vs heavy water, was accounted for by using
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Ahmad's modelling criteria (Ref. 9 ) . A correlation
factor was included to account for the non-uniform
axial heat flux distribution in the reactor. This
factor was obtained by comparing CHF data with
uniform and skewed-cosine axial heat £iux
distributions (Ref. 5).

OPS Methodology

The CCP baaed on th<» ODS as thermal limit is
calculated by using CHF correlation based on the
"boiling length hypothesis"* and having the
following functional font:

critical quality
pressure
mass flux
boiling length

The coefficients ht_ to As were fitted from, the
skewed-cosine experimental results (Ref. 5).
Ahmad's modelling criteria (Ref. 9) was used to
convert each data point to its heavy water
equivalent data.

Currently a concerted effort is underway at
AECL-Research Company t<i examine the conditions
under which ODS and olD occur. Under the
experimental part of this effort, the phase
distribution at the h.ea ed surface will be
investigated in a simulated multi-subchannel using
a novel ultrasonic technique. This will provide us
with direct measurements of DNB, OID and ODS
conditions at reactor conditions of interest.

* The "boiling length hypothesis" is considered
one of the be3t approaches for predicting the
onset of dryout with various axial heat flux
profiles. In this hypothesis, the upstream
history effect on dryout is accounted for by
including the boilinq Xenqth*

PDO Methodologies

The PDO methodologies require models and/or
experimental data to assess the thermal-mechanical
behaviour of fuel elements and pressure tube at
relatively high temperatures and nominal coolant
pressure. The state of the art in methods
development and RSD is also given as follows:

1) CHF Correlation - A C R F correlation to predict
not only the onset of dryout but the axial and
circumferential spreading of the drypatch is
needed, work is ongoing under CANDEV program to
provide a CHF correlation capable of predicting
axial irypatch spreading. The correlation will
be based on the CHF and post-CHF experimental
data obtained at AECl,-Re search Company under
CANDEV programs (Refs. 5 and 6 ) .

2) 3heath-to-Coolant Heat Transfer - A PDO heat
transfer coefficient correlation has been
developed for normal bundle geometry. This
correlation is basically the Groeneveld-Delorme
correlation (Ref. 10) with an overpower
dependent correction factor developed from
experimental 37-element bundle data (Ref. 6 ) .

3) Fuel Element Bowing - Bending forces may develop
ir. a fuel element exposed to PDO conditions. A
CANDEV program is ongoing to develop a computer
program for predicting the lateral deformation
of fuel elements loaded with thermal and
jnecbajai c.al stresses under the constraints of the
CANDU fuel bundle design. This tool will be
uaed to assess if fuel element/pressure tube
contact could occur.

4) Fuel Temperatures and shftath Strain - The basic
scenario for the ROP trip setpoints is a slow
increase in neutron power or a step bringing the
neutron power just below the trip value. In
either case, the fuel will be operating beyond
its nominal rating and under PDO conditions for
a significant length of time. This requires us
to assess the time dependent behaviour of fuel
and sheath, i.e. the release of fission gases
and fuel-to-sheath gap pressure and gap
conductance are function of time under these
operating conditions.

No developments are required in thi3 area.
ELOCA (Ref. 11) and ELESTHES (Ref. 12) codes are
tools capable of predicting fuel temperatures
and sheath strain un<ier those operating
conditions•

5) Fuel Element/Pressure Tube Heat Transfer - An
outer fuel element could bow and ultimately
contact with the pressure tube causing hot spots
on sheath and, conceivably, on the pressure tube
wall although the later would require very tight
contact. These hot spots do not necessarily
lead to sheath or pressure tube failure.

To assess the magnitude Of these hot 3pots, an
RSD CANDEV program is ongoing and aiming to
provide the necessary verification of the heat
transfer mechanisms controlling the transfer of
heat between sheath and pressure tube. This
information will be then permit reliable
predictions of the thermal-mechanical behaviour
of sheath and pressure tube.

6) Distorted Bundle Geometry - Distortion in the
bundle flow passes (subchannels) will occur if
fuel element bending and/or sheath strain is
allowed. These distortions may have
thermal-hydraulic implications that can be
assessed by subchannel codes such as ASSERT,
This code is being developed at AECL-Research
Company under a CANDEV program devoted to
provide models and experimental data required
for assessing the subchannel thermalhydraulic
conditions in CANDU fuel channels.

CCP Evaluation Strategies

The CCP evaluation strategies at AECL are shown
schematically in Figure 9 and can be summarized as
follows:

1) CCP's that prevent OID which is the strategy
followad for the present ROP trip aatpointa In
CANDU 600,

2) CCP'3 that will limit sheath temperatures from
exceeding a pre-selected threshold value. This
is a strategy now being pursued, I.e. ODS where
maximum sheath temperature is conservatively set
at 375°C,
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Figure 9 CCP evaluation strategies

8) GROENEVELD, D.C. and STEWART, J.C. , " The
Minimum Film Boiling Temperature for Water
During Film B o i l i n g Col lapse" , Vol . 4,
Proceed ings 7th I n t . Heat Transfer
Conference, Munich, West Germany, Sept. 6-10,
1982.

9) AHMAD, S.Y., "Fluid-to-Fluid Modelling of
Critical Heat Flux: A Compensated Distortion
Model", Int. J. Heat Mass Transfer, Vol. 16,
1972, also AECL-3663, 1971.

10) GROENEVELD, D.C. and DELORME, G.G.J.,
"Prediction of Thermal Non-Equilibrium in the
Post-Dryout Regime", Nuclear Engineering and
Design 36 (1976) 17-26, also AECL-5280.

11) SILLS, H.E., "ELOCA: Fuel Element Behaviour
During High Temperature T r a n s i e n t s " ,
AEO.-6375, March 1979.

12) WONG, H.H., "ELESTRES: Modelling of Fuel
Element Behaviour Under Nominal Operating
Conditions", CWAPD-352, February 19B0.

3) cCP's that w i l l use PDO as the l i m i t i n g
criterion. The ongoing methods development and
RSD programs w i l l provide the information
required to justify the use, for example, of
fuel centreline melting as the criterion. By
following this strategy we wi l l be able to
define i f required, intermediate CCP cri ter ia
such as significant sheath strain or significant
fuel element bowing.
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ABSTRACT

A numrioal study for the prediction of

the moderator flow and temperature distrib-

ution inside a CAKDU reactor vessel is

carried-out. The porous medium concept

which is usually used to account for the

effect of the calandria tubes matrix on the

flow pattern is avoided. Instead, the tubes

matrix are simulated by blocking the cells

containing the tubes in the finite differ-

ence mesh. A jet momentum domenated flow

pattern is predicted with two main hot spots

regions. The calculated moderator temperature

distribution are used to cridet the moderator

as an ultimate heat Sink and to study the

effects of the changes in the moderator

temperature on reactor eriticality. The

multiplication factor is calculated using a

refined version of the four-factor formula

at different moderator temperatures. Conse-

quently the temperature coefficient of

reactivity is calculated.

INTRODUCTION

The separation of the moderator from

the high pressure heat transport system ,

in CAHEU (CAlTada Deuterium Uranium) reactors

allows the moderator to act as an effective

heat sink for the fuel decay heat, when

enough moderator subaooling is provided.

Accordingly, knowledge of the moderator

temperature distribution at different cond-

itior-c helps in crideting this inhearent

safety feature. On the other hand, an impo-

rtant cause of the transient changes in the

effective multiplication factcr of an oper-

ating reactor is the variation in the temp-

eratures of the system. Such temperature

variation may affect tlae reactor as a -.-.-hole.

In PWR( Pressurized V/ater Reactors) , the

changes in the moderator temperature has an

important bearing on criticality. In CAIIEU

reactors, this effect is expected to be lesc

important due to the physical separation

between the fuel and the coolant- on one

side- and the moderator on the other side.

However, detailed temperature distributions

are needed to know to how far the moderator

temperature may affect the criticality of

CAIffiU reactor.

Experimental work[lj was undertaken on

moderator circulation for Pickering calan-

dria moke-up only under isothermal (no heat

generation) conditions. However, no experi-

mental work was carried out , as far as the

authors are aware of, to measure the flow

and temperature distribution under operating

conditions. The technical difficulties

associated with direct measurements of

moderator flow and temperature distributions

eorafoixied with the problems axA high expenses

involved in carrying out experiments on

calandria mock ups, justify the use of the

numerical methods to simulate the moderator

circulation on a digital computer.
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The moderator circulation problem is

treated numerically by other authors [l,2J.

However, due to the complexity of the cala-

ndria tubes matrix geometry, they used the

porous medium concept, in which each cell

in the finite difference grid is treated as

a homogeneous porous medium . In the devel-

oped technique, the calandria tubes matrix

are simulated by blocking the cella contain-

ing the tubes in the finite difference mech.

This new approach, however, is more realistic

than the porous medium concept. Here, a

comoromise between the problem complex geom-

etry, the required accurate representation,

the available computer storage, and, the

computation time 10 to be considered.

On the other-hand, intensive experimental

and theoretical work are carried out to study

the heavy water-natural uranium lattice para-

meters j~3,4i. Although it is realized that

an accurate description of the space- and-

energy dependent neutron distribution in the

complicated geometry of a CAHDU reactor

would require an advanced approach, the dev-

eloped method used is based on a modified

picture of the frit-factor, two-group model.

The main two reasons for keeping to this

simple model are; firstly, expe- »nce£7"] has

shown that the two-group repress: nation can

give acceptable results for well-moderated

single moderator systems such as graphite

and heavy water reactors. Secondly, the use

of more sophisticated models would require a

considerable theoretical and experimental

effort and lead to complex and expensive

computer codes.

COMPUTATIONAL METHOD

i§2 glow and Temgerature_Distribution

The numerical technique selected for the

prediction of the moderator Slow and tempe-

rature distributions is based on the finite

difference SOLA method [5]. The governing

differential equations to be solved are those

of continuity, momentum, and energy. These

equations are written in general form as:

Continuity ;

V.? = 0
Momentum ;

BY
S>

Energy ;

ET ... 2,

-sr = - * VP -

(i)

V2V (2)

(3)

Where:
7= Fluid velocity .

p
g= Gravitation acceleration (m/s )

p
P= Pressure (H/m )

T= Referenc1 temperature (K)

t= Time (s)

« = Thermal diffusivity (m2/s)

Q= Heat generation/unit volume ('.V/m'')

p= Fluid density (kg/m3)

C= Specific heat (J/kg K)

-i>= Kinematic viscosity (m /s)

The fluid region is divided into a finite

difference mesh as 3hown in Figure(l), and

is assumed to be surrounded by a single

layer of fictitious cells at which the boun-

dary conditions are to be specified.

DFluid Cell
E3 Boundary Cell
•Blocked Cell

«.&.:

Figured) Finite

Difference Grid
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To distinguish between different types
o£ cells, the computation region is flagged,
i.e. each cell is designated by a number
defining ita condition; either boundary,
fluid, blocked, inlet, or outlet cells .
According to the cell number, the adequate
velocity and temperature boundary conditions
are inposed. The conservation equations 1-3
are then written in a finite difference form
as follows :

Conservation

1- Compute initial guess for the new veloc-
ity components at each cell from the momen-
tum equations (5)•

2- Impose the necessary boundary conditions
at the appropriate boundary and blocked cell£

3- If the estimated velocity components do
not satisfy the continuity equation (4), the
cells pressures and velocity components axe
updated iteratively. The pressure change
required to make D equal to sero is :

AP = —--^2-
2 At( (Ax)2+Cs.y)2 )

IVhere w is an acceleration coefficient.

=°
Conservation

Only the momentum equation in the y-dire

ction is shorn. The x-direction component is

siailar to the y-direction component.

- FVZ- ?VY- VISCOY J (5)

Snergy Conservation

L4 -i
•»•• J

+ At ( -TUX - TVY +

+«x( TCZ + TCY ) ) (6)

Where ; ?V£, PVY, VISCOY, TCZ, and TCY are

defined usdng similar finite difference

approximations. For example;

VISCOY=Z/((V?

- 2

To calculate the velocities, pressures and
temperatures at a new time step (n+1) .'. om
the values at the previous time step (n) ,
the following computational cycle is used :

The new pressure and velocity components
after each iteration (k) are givfn by :

and similarly for V

4- When the velocity field has been conver-

ged, the new temperature field is calculated

using the energy equation (6).
5- The velocity , pressure, and temperature
fields are then used as tae starting values
for the next time step.

Specifications of the step size varies

from problem to another. Once the step

size has been chosen, the choice of the time

increment is governed by the following non-

equality;

At/min (
1 u ' ' 2»(

The significant assumptions used in the
present study are;

i- Moderator heat is proportioned to the
channel power in the core region and consid-
ered as being a constant in the reflector
region.

ii- The smooth circular surface of the
calandria is approximated- for simplicity-
by the stepped boundary shown in ?igure(l).
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iii- The moderator inlet velocity is tre-

ated as a boundary condition. This assumpt-

ion results in a higher flov/ rate than the

real reactor value due to the lai-ger inlet

area. Liore accurate simulation could be

obtained if the cell size are reduced.

ilany of the parameters which determine

the reactivity of a reactor are functions

of temperature of the fuel, moderator, and

coolant. She effect of moderator temperature

on the reactivity of the reactor is express-

ed by the moderator temperature coefficient,

0^m. given by:

of » - 1 , d_ln_K
dT

(10)

'.There € ? f

The increase in the moderator temperat-

ure affects the multiplication factor K in

two ways; first, the temperature at which

thermal cross sections are computed is

changed ; and second, the physical density

of the moderator changes owing to thermal

expansion. Practically, there is no depend-

ence of € on the moderator temperature and

the effect of moderator temperature changes

on the non-leakage probability is negligible.

Accordingly, equation (10) reduces to:

The lattice parameter "̂ ., p, f.-f ard L

are computed using a refined picture of the

four- factor, two group formula present«d

by Pershagen C3J»

By definition ^ is equal to the avera-

ge number of fission neutrons emitted per

thermal neutron absorbed in fuel. For a

heavy water lattice with natural uranium as

fuel and assuming the thermal spectrum in

the fuel to be Maxwellian, ( is given by;

All cross sections and the non 1/v - factors

are evaluated at a temperature Tffl given by

the formula:

v —-

7/here V 1 , T^ and _P(T^)/jQ0 are the moderator

volume, temperature, and density ratio rssp-

ectively. Vc , T c and_p(Tc)/^po are the

corresponding coolant parameters. The heavy

water density is calculated at any tempera-

ture T from the formula £ ^ J

= 1.1048+(2.0374xl0"4)T-(9.8367xl0~6)

T2+(5.1097xl0~8)T-3-(1.6844xl0"10)T4

+(2.0429zl0"13)T5

The non 1/v absorption in U 8 is treated

by the resonance escape probability factor

P expressed as:

n
*r28

* m m

H V. is the number of atoms in the fuel,

(jZs) m the slowing down power and V m the

volume of the moderator . (Rl)^ is the

effective resonance integral for the K-th

energy groupe allowing for the non-uniform

density of resonance neutronsL33.

For the calculation of the thermal utili-

zation, one energy group is used and the

spatial fine structure is accounted for by

flux disadvantage factors. These factors are

calculated using the diffusion theory in

the moderator and with transport theory

correction for the fuel. The formula used

to calculate the thermal utilization in

fuel elements is:practical D.,0

JE&2i£f=af>
a2 Z a f
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Where 2"af> ^ j ^ ^ Q a r e t n e absorption

cross sections for fuel, moderator, and

canning material respectively. P and G are

disadvantage factors for moderator and can-

ning material respectively£3].

'I'he calculation of diffusion coefficient is

based on Benoist formula fa]

Where index k refers to z or r directions ,

V i is the volume and is the average flux

in medium i , "X is the transport mean free

path in medium j, and P.- . v the probability

that a neutron born in medium i will make

its ((1+1) collision in medium j, taking into

account the angular correlation between

successive neutron paths. For the present

calculation, the collision probabilities are

calculated to order 1=2. For the fast group

the flux fine structure is neglected which

means that<|'i=l . The thermal flux ratios

are obtained from the disadvantage factors.

RESULTS and DISCUSSION

The computation code developed is verif-

ied against a simple circulation test prob-

lem. The test case is that of predicting

the transient two dimensional flow pattern

and temperature distributions inside a

horizontal rectangular cavity with an inter-

nal solid obstacle in the middle. As a case

study, the Gentilly-2 reactor is chosen to

carry out the analysis using the developed

techniques. Computer storage requirements

highly restricted the number of cells in

the finite difference grid used in the cala-

ndria simulation. Consequently, only 13

cells in the x-direction and 27 cells in the

y-direction are used in the present Gentilly

-2 calandria simulation with only 41 blocked

cells, Figured).

Tie steady state isothermal moderator

circulation inside the calandria ( in the

absence of nuclear heating) is shown in

Figure(2). The effect of the tubes matrix

The thermal diffusion area for the lattice

is defined by:

Where Za is the flux and volume weighted

average absorption cross section for the

lattice.

The neutron age for the lattice is calc-

ulated from an expression of the type ;

/

Where

for the moderator, Vc and

is the fast diffusion coefficient

are volumes of

the cell and the moderator, f_ is the age

from fission to thermal energy in the moder-

ator and A € a correction term for inelastic

scattering in the fuel.

2.0 m/s

Moderator

Inlet

Figure(2) Steady

State Flow Pattern

let



14.6

is remarkable in directing the flow and in
giving rise to a strong down flow through
the core. This is associated with low velo-
city areas behined the tubes and in the
corners of the calandria. The isothermal
flow field is used as initial conditions for
the non-isothermal scenario.

The steady state non-isothermal flow
pattern, Figure(3) appears, in general, as
that of the isothermal flow pattern , i.e.
the flow is governed by the inlet jet force
( momentum dominant ). The effect of the
buoyancy force ( resulting from nuclear
heeting ) appears to enhance the speed of
circulation rather than opposing it. This
result is in agreement with the numerical
studies [l,f] .

2.0 m/a

Figure(4) presents the steady state
temperature map which indicates two groups
of hot spots. The first group is located
in the reflector area at the top of the
calandria and the other group is located in
the core region and in the low velocity
areas between the fuel channels. Else where
an almost uniform temperature distribution
is observed. The two groups of hot spots
predicted by the present code agreed with
other studies [l]]and[2j.

S O . ! 5 3 . 9 4 6 . } 4 3 . 7 4 9 . 4

4 6 . 8 4 7 . 3 4 5 . 4 4 4 . 9 4 4 . 4 4 4 . 9 44.8

4 7 . 8 4 5 . 4 4 5 . 0 4 4 . 8 4 4 . 7 4 4 . 7 4 4 . 6 4 4 . 6 4 4 . 6

47.5 45.3 44.9 44.8 44.7 44.6 44.5 44.4 44.4 44.3 44.3

47.6 . . . . 45.2 . . . . 44.9 . . . . 44.6 44.5 44.' 44.2 44.1

47.4 45.5 45.2 45.0 44.9 44.9 44.7 44.6 4'.5 44.3 44.1 43.9

47.5 " . - 45.3 ••>•. 44.9 . . . 44.8 - - - - 44.7 44.5 44.2 4 3.H

47.3 45.5 45.3 45.1 43.0 44.9 44.9 44.9 44.» 44.8 44.5 43.0 13.4

47.4 . . . 45.4 • - • - 45.1 • • • - 45.0 - • • • 43.4 49.7 45.4 44.4 43.<

47.4 47.9 45.5 46.2 45.1 43.7 49.3 46.0 45.9 46.5 46.4 45.0 41.1

47.5 . . . . 45.3 . . . 45.3 • • • • 45.3 . . . . 45.9 . . . . 47.2 45.5 41.3

47.5 99.» 45.6 37.7 49.4 49.5 49.5 47.5 *4.- 49.0 47.C 45.9 43.3

47.6 . . . . 45.7 . . . . 45.5 — . 45.6 . . . . 46.2 . . . . 49.0 4K . 1 41 1

47.6 79.6 49.8 59.4 45.7 4*.9 45.8 47.2 46.3 46.1 4S.3 46.t 41.1

47.7 57.2 46.1 89.4 46.3 49.4 46.1 46.9 46.5 47.9 47.9 48.2 41.7

4 7 . 9 . . . . 4 6 . 3 • • • • 4 7 . 0 • • • • 4 7 . 3 4 9 . 6 4 7 . 5 4 7 . 7 4 8 . 7

4 7 . 9 4 7 . 2 4 6 . 7 4 7 . 3 4 7 . 2 4 7 . t 4 7 . 5 4 4 . 2 4 7 . 7 4 1 1 . 4 4 0 . 9

4 8 . 0 . . . . 4 6 . 7 . . . . 4 7 . 2 4 7 . 9 4 7 . 7 4 9 . 1 4 7 . 9 4 9 . 7

4 9 . 1 4 7 . 3 4 7

- 4 7 . 1 7 " c

. 9 9 . 9 5 ° C

Figure (3) lion-isothermal Plow Pattern

( Present Arrangement )

FigureU) Steady State Temperature Hap

Prom safety point of view, the presence
of high temperature hot spots reduces the
available amount of moderator subcooling
requirement in the hot spots regions. Being
located between the calandria tubes and in
the core region, the calandria tubes around
these hot spots may dryout in case of press-
ure tube- calandria tube contact ( following
the postulated LOOA + 10ECI accident ) .
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A second computer code has been devel-
oped to calculate the lattice parameters at
different moderator temperatures based on
the method described above. Figure(5) shows
the variation of D, L , and C with moder-
ator temperature , over the temperature
range of interest 40 - 105 C.

T
174

172

170

168

166

164

-90

S3

L « Age (cm2))

"Diffusion area
Com*)

D» Diffusion
Coefficient
(cm)

144

142

14084
40 60 80 100

moderator Temperature T(C)

Figure(5) Effect of Moderator Temperature
2

on and L2

The effect of changes in moderator tem-

perature on ^j , P , and f is shown in

figure(6). Both (^ and f increase with the

increase in moderator temperature while

p decreases. However, the percentage change

in ^2 , P, and f is very small over the

temperature range of interest.

Changes in the multiplication factor
with moderator temperature are assumed to
be essentially due to changes in Jj, P,
and f. Figure(7) shows the change in In (K)
with moderator temperature. The moderator
temperature coefficient of reactivity ,c<m ,
ia calculated fron the slope of the curve
given 3n Figure(7) as:

Aln(K)

°V * 3l°p ::—

J 28

80 100

Moderator Temperature T(C)

Figure(6) Effect Of Moderator Temperature

on 2ij » P , and f

.55710 -

.55690

.55670
40 60 80 100

Moderator Temperature T(C)

Figure(7) Effect of Moderator Temperature
On Multiplication Factor (K)



14.8

The value of oia is found to be dependent
on the range of temperature over which it is
calculated. The average value of c^ is
-0.205 mK/C which is very small \ji] and pra-
ctically negligible. The average moderator
temperature of 47 C ,Pigure(4) , has a corr-
esponding value of o(m • -0,0495 mK/C. This
small value of c(m implies that there is no
practical feedback of the moderator temper-
ature on criticality. Where the hottest spot
temperature ( of 99 C ) is located, the
local c< is 0.52 mK/C . Although this value
of ^m is respectively high, its effect is
still practically negligible since it occurs
only at a small volume of the moderator
compared to the whole moderator volume in
the calandria. This assures that no critic-
ality problem is associated with the increase
in the moderator temperature aa long as it
is below saturation. This result is a direct
consequence of the complete physical separa-
tion between fuel and coolant on one side
and the moderator on the other side. Accord-
ingly, the prediction of the moderator flow
and temperature distribution is an important
requirement for safety rather than for
criticality problem analysis. Dissipating or
shifting the core hot spots is therefore
very important.

A parametric study is carried out to
investigate the effect of moderator inlet
velocity and moderator inlet location.Results
indicated that decreasing the inlet velocity
has no significant influence on the general
feature of the flow pattern. The temperature
field however, has too many hot spots with
high temperature reaching saturation tempera-
ture.

hot spots and in shifting :.ts position to
the less serious reflector region. There-
for , this new arrangement assures enough
moderator subcooling everywhere in the
calandria, and the safety feature of the
moderator as an ultimate heat sink could
now be crideted.

2.0 m/s

iglg'.a'.g'p;

'^laialnla'
New Inlet

Location

Pigure (8) Steady State Plow Pattern

Por Non-isothermal HEW Inlet Location

A moderator inlet location st 174 cm
below the calandria horizontal midplane is
predicted to give a more uniform temperature
distribution . With this new location,
figures(8) and (9) , ?cwer and lower temper-
ature hot spots are obtained . In addition,
this new location of the moderator inlet
nozzle helps in the dissipation of the core
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PROGRESS IN THE DEVELOPMENT OF KIMS AT CHALK RIVER

J.V. Donnelly

Applied Mathematics Branch
Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
Chalk River, Ontario, KOJ 1J0

ABSTRACT

WIMS is a multigroup lattice code origlnall> developed
by the UKAEA (Winfrith) in the middle 1960'3. This
paper reviews the developments that have been made in
the code at Chalk River Nuclear Laboratories, the
increasingly wide range of applications in which it is
being used and the recent use of nuclear data from
ENDF/B-V in WIMS.

1. INTRODUCTION

WIMS is a multigroup lattice code originally developed
by the UKAEA (Winfrith) in the middle 1960's'. Its
main features are its ability to treat a range of
lattice geometries consistently with a number of
levels of approximation, its generalized multigroup
scheme using processed nuclear data libraries, its
fundamental treatment of lattice phy3ics with a
limited number of assumptions and its ability to carry
out burnup calculations.

The version of WIMS that is maintained and developed
at Chalk River Nuclear Laboratories is referred to as
WIMS-CRNL to differentiate it from the versions of
WIMS under development at Winfrith. Since the code
was received from Winfrith, this version has undergone
development independent from the original version of
the code and differs in many areas from other versions
of WIMS.

This paper will concentrate on three main areas of the
development of WIMS-CRNL:

- Improvements to the WIMS-CRNL code and
implementation on the CDC computers at CRNL.

its

- Development and testing of a nuclear data library-
based on ENDF/B-V.

- Range of application of WIMS-CHNL at CRNL.

2. IMPROVEMENTS TO THE WIMS-CRNL CODE

2.1 Code Implementation

The WIMS code, as received from Winfrith, was written
in IBM FORTRAN and was designed to run on an IBit
computer. While these facts did not preclude its
implementation on a CDC computer, they made a
significant amount of work necessary to make the code
work well on the CRNL system. As well, the
implementation of the code in the CDC operating
environment was not near an optimum in cost.

A short history of the main modifications that have
been made to WIMS-CRNL to change the way it operates
on the CDC computers at CRNL follows. The history can
be logically divided Into two main parts: the
rtrst part while O.J. Phillips was developing the
code1, and the second part while I was developing the
code. In general, the first part was primarily

concerned with installing the code, and making th-
changes required for proper operation on the CRN;
computers. The second part was concerned mainly wit-
improving the implementation of the code on the CRN;
computer system to reduce the cost of WIMS-CRN;
calculations and improve the methods used in the cod-
as required. Some of the main developments in th>
first part were:

WIMS was converted to CDC FORTRAN 4
loading.

and OVERLA"

- Variable names were changed to improve th«
consistency throughout the code. The variable nanu
inconsistencies were due, in large part, to the fac"
that WIMS was initially built by bringing together
number of independent codes.

- In order to implement an anticipated Improvement i:
the code, the number of subroutines was reducec
until each of the major subdivisions of the WIMS-
CRNL calculation was carried out by one, or a few,
routines. This lengthened many of the routines to .
few thousand lines of source code.

- Many bugs and problems In the code were corrected.

In the second part, some of the main development;
were:

- WIMS-CRNL was converted to FORTRAN 5 to make it mor«
portable. As far as possible the code is nov.
written In ANSI standard FORTRAN 77.

- The variable storage scheme was changed froi>
•extensible blank common' to dynamic memor;
allocation when this became available in the CDC
operating system. This change significantl;
Improved the efficiency of memory use, which waE
limiting the turn-around time and size of cases that
could be run. Currently the main limit on storage
in WIMS-CRNL is due to the central memory size of
the CRNL system, (only) about 100 thousand sixty bit
words.

- The loading scheme was changed from OVERLAY tc
SEGMENT, to Increase the flexibility of memory space
utilization.

- File processing was improved, especially of the
nuclear data library. Random access files, rather
than sequential, are now used where appropriate;
when implemented efficiently on the CDC system thi;
has resulted in an 8 fold reduction In Input/Output
time (79% reduction In cost) In a typical burnup
case.

- Extended Core Storage (about half a million words of
semiconductor memory that can be indirectly
addressed) la now used as a fast substitute for disk
files in the processing of the nuclear data library



and as storage for collision probability matrices if
required. Extended core storage is used as
available and required, in a manner that is
transparent to the user. in a typical burnup case,
it results in a 30S reduction in Input/Output time
(73 cost reduction). In some applications, such as
two dimensional SLOWPOKE core models, it has allowed
detailed calculations that would have otherwise been
impossible.

- To improve the structure of the code and to ease
maintalnance, the code has been divided up into
smaller subroutines.

- During the modifications described above, a
comprehensive series of test cases was set up for
use in verifying the changes made to WIMS. As each
change is added to the permanent version of WIMS,
all of the results of a number of representative
WIMS-CRNL cases are compared before and after the
change to ensure that no unexpected side-effects
creep in.

2.2 Physics and Numerical Methods

It is a credit to the original conception and design
of crte WIMS code that few changes have been required
to the basic assumptions and physics of the code in
the twenty years since it was initially developed.
Moat of the changes that have been made at CRNL have
been concerned with changes and improvements to the
detailed methods of calculation, and few changes have
been found necessary to the general approach.

Changes have been made to the physics and methods of
•rflMS-CRML for the following reasons: to correct
identified errors, to remove or improve approximations
limiting the accuracy or usefulness of the code, to
implement required extensions in methods or implement
improvements that significantly reduced the coat of
calculations. Seme of the main areas of change were:

- Integration of isotopic compositions during burnup
was changed from a simple Simpson'3 rule to a Gear
Integration using STIFF?1. This change allowed
greater control of the accuracy of burnup
calculations and non-equilibrium transients to ft?
simulated, without any significant Increase In cost.

- To Improve the evaluation of the Bickley function
used In the Integration of collision probabilities.
Following the suggestion on a method of speeding up
the evaluation", its implementation ha3 reduced the
cost of Integration by a factor of 2.5 relative to
the method originally used In WIMS. The method
currently used is to evaluate the function using a
second order Chebyshev polynomial, which Is
tabulated at 2500 points. The trade-off of a large
table in central memory and a very 3hort calculation
to evaluate the function has been made against the
cost of evaluating rational polynomials! it has
proven to be cost effective. The coat reduction has
had a significant impact on the cost of performing
detailed two-dimensional calculations with WIMS-
CRNL.

- The approximate method of calculating collision
probabilities In annular geometry (ring transmission
probabilities using a cosine current approximation)
was replaced by an accurate calculation*. A small
increase in cost for most cases was considered an
acceptable tradeoff.

- The method of calculating Benoist diffusion
coefficients was changed from a two region plus vole
model to an explicit three region model (based ir.
subroutines initially written by H.E. Donders61.
The accuracy of the Benoist diffusion calculation
was improved with no significant cost increase.

- An alternate resonance treatment was incorporatec
Into WIMS-CRNL. The new treatment, although very
similar In general principles to the original
treatment in WIMS, was based on simpler physical
models7 and allows changes and improvements to be
incorporated more easily.

- The two dimensional collision probability
calculation, Pij, has been extended to allow
sectored annul 1 to be moqelled In WIMS-CRNL. This
option had been incorporated into a later version of
the Wlnfrlth WIMS (WIMS-E), but this version of the
code is not available.

- An approximate treatment of the resonance skin
effect in annular geometry has been incorporated
into WIMS-CRNL. This extension allows more accurate
distributions of fissile isotopes produced during
resonance capture (for Instance Pu239 production) to
is calculated, which has proven to be an important
component in the calculation of fuel temperature
distributions and fuel performance.

2.3 User Input Preparation and Data Handling

The preparation of case descriptions for a general
lattice code such as WIMS-CRNL can be tedious and
complex. Some Improvements have been made to simplify
the number of quantities that the user must calculate
in advance and to improve the selection of default
values; the general problem of simple (or automated)
case input has not been solved. A few of the areas of
improvement have been:

- water may now be specified t>y atom percent heavy or
light water, and an automatic density calculation
may be selected.

- WIMS-CRNL now automatically calculates the number of
mash points required during calculations.

- an option is now available to automatically
determine an appropriate Integration mesh for use in
the calculation of collision probabilities in two-
dimensional models.

- repeated material descriptions (such as four
materials of uranium oxide) need only be specified
in detail a single time per case.

- a utility was created to plot out case geometries.
This has proved useful in the verification of
complex two-dimensional models, and as a simple
means of creating accurate drawings or fuel
geometries.

- a simple method has been made available for the
storage and retrieval of compositions, collision
probabilities and fluxes during a WIMS-CRNL case.
This facility is very useful for perturbation
calculations and during the calculation of large,
expensive models (such as full-core SLOWPOKE cases)!

- the code WILMA* is now used for all library
processing, which has greatly simplified the
maintenance of WIMS-CRNL nuclear data libraries.
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An area in which improvements have been ratle is in the
transfer of the results of WIMS-CRNL calculations to
other codes. In the past, and in most other lattice
codes, this operation was normally done by including a
specialized section (or sections) of code whose sole
function was to gather and report information required
for a single application. The main problems with this
method were: the duplication of effort for similar
applications and the necessity of maintaining and
validating each of these specialized sections of code.

The solution to these problems was to avoid adding to
WIMS-CRNL any specialized routines for individual
applications and to have WIMS-CRNL write the
information that is required by any of the other codes
to a single sequential file in a well defined and
general format. This method avoids unnecessary code
and calculations within WIMS-CRNL, simplifies the
validation of WIMS-CRML and transfers the
responsibility for specialized data processing to
those who require it. This method of data transfer
has proved to be very effective, and is in use in a
wide range of applications.

3. DEVELOPMENT OF AN ENDF/B-V LIBRARY FOR WIMS-CRNL

With the version of WIMS received from Winfrlth, we
received a 69 group nuclear data library based on the
UK nuclear data library. This library has been used
in almost all WIMS-CHNL calculations until recently,
and has been found to be in good agreement with
experiment (at least in part due to adjustments that
had been made to some of the basic nuclear data). The
ENDF/B-V* nuclear data files have been made available
by the United States Department of Energy for use at
CRNL; the files contain state of the art nuclear
data, and are in good agreement with experiment. This
has provided a large incentive for their regular use
in WIMS-CRNL calculations. Moreover, most of the
codes required for data processing and library
manipulation were available at CRNL (although some
software development was required) and there was
already some expertise with those codes. As mo3t of
the work on the nuclear data processing was not done
by the present author (it was carried out by D.S.
Craig and G.L. FestarlniIo), It will not be discussed
in this paper.

A number of extensions have been made to the library
structure that had been used in the Winfrlth library,
as this new library was being prepared independently.
The extensions to the library were:

- Pi scattering data is now stored in the library with
each isotope at multiple temperatures (as
appropriate). Although these cross sections are not
used in most WIMS-CRNL calculations, they are used
in B1 leakage calculations and will be useful if
extensions are made to the code, and in the
preparation of data from WIMS-CRNL for other
calculations.

- A more detailed fission product set was chosen. A
single pseudo fission product was used to normalize
the new fission product set to the total fission
product absorption calculated using over 800 fission
product isotopes in FISSPROD-31'.

- Resonance scattering has been included in the
resonance tables and is used in the new resonance
treatment.

- The use of an 89 group structure, rather than the
original 69 group structure.

WIMS-CRNL was changed to utilize these library
extensions, and the older Winfrith library was
modified to be consistent with the new format.

Before the library could be applied reliably for
general problems, it was thoroughly tested in a range
of applications and against a number of experiments.
As would be expected, there have been some problems,
but the library is now in regular use in a range of
applications.

The testing of WIMS-CRNL calculations against
experimental measurements served three purposes: to
check that the nuclear data processing had been
correctly carried out, to compare the results of
WIMS-CRNL calculations with more expensive and
accurate calculations, and to determine the general
agreement of WIMS-CRNL using ENDF/B-V nuclear data
with experimental measurements.

Calculations may be consistently carried out with
WIMS-CRNL at a number of levels of approximation, and
the normal practice is to trade off the rigour of
calculations against their cost. In the
calculations reported here, the WIMS-CRNL
calculations were performed with the most accurate
methods available. Of course, the inherent
approximations in the phy3ics of WIMS-CRNL would limit
the absolute accuracy of the calculations. In
applications using more approximate methods in WIMS-
CRNL, checks should be (and normally are) made with
more accurate calculations to ensure that the results
are not seriously in error in the important
quantities.

3.1 Pin Cell Experiments

A number of pin cell lattices have been calculated.
The lattices selected are generally very accurate
experiments using a full core of the test fuel, and
are discussed in AECL-76901*. A simple description of
each of the pin cell lattices analysed is shown in
Table 1. The average agreement between WIMS-CRNL with
ENDF-B/V and experiment is shown in Table 2. Also
shown in this table is the agreement between WIMS-CRNL
calculations and more accurate calculations using the
same nuclear data. The level of agreement is
considered very good and should be adequate for almost
all WIMS-CRNL applications (for applications requiring
more accuracy, one would have to resort to
calculations of a couple of orders of magnitude
greater cost). In general, the discrepancies between
WIMS-CRNL and the more accurate calculations are
primarily due to the approximations made by WIMS-CRNL
in the resonance energy range.

3.2 Cluster Fuel Experiments

For many of the applications at CRNL (and within AECL
in general) the lattices of interest are cluster
uranium fuel bundles in heavy water moderator, and so
this is an important area for testing. There are
currently no more accurate calculations available on
this type of lattice with ENDF/B-V nuclear data (to
the best of my knowledge), although 3uch
calculations are in progress at CRNL. A range of
cluster fuels have been analysed with heavy water and
air coolant (19 element uranium metal, 19 element
uranium oxide, 28 element uranium oxide and 37 element
uranium oxide) at a range of lattice pitches. A
simple description of the cluster lattices analysed is
given in Table 3. The experiments analysed include
most of the uniform core lattice experiments (no
substitution experiments were considered for these
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tests) that have been carried out
reported in detail.

A summary of the agreement between WIMS-CRNL and the
experimental measurements is shown in Tables t through
7. Overall, the agreement in calculated eigenvalues
and U235 fission distributions is very good. The
calculated values of «2S ( the ratio of U238 fissions
to U235 fissions) show significant deviations, at
least in part due to the difficulty of measuring this
parameter. The calculated values of the Relative
Conversion Ratio (HCR, the ratio of U238 captures oo
U235 fissions, lattice value to thermal reference
value) are in fairly good agreement with experiment,
although significant differences can be found in the
results of different sets of experiments. In all of
the comparisons with experiment, there does not seem
to be any large variation with lattice pitch.

An important parameter in the design of CANDU reactors
is the coolant void reactivity, and the error WIMS-
CRNL makes in the calculation of reactivity during
voiding is shown in Table k. As can be seen, WIMS
over-predicts the reactivity increase on voiding (this
is a conservative error in safety analysis) for the
lattices analysed.

3.3 Discussion of Agreement with Experiment

For both pin cell and cluster lattices, the agreement
of WIMS-CRNL using ENDF/B-V data with experiment is
very good, and should be adequate for all routine and
design calculations. A very important point to note
is that the library data has not been adjusted in any
way, and no 'fudges' have been used. The only areas
in which significant approximations are made in WIMS-
CRNL are in the treatment of resonance absorption and
the neglect of higher order angular scattering (except
through a transport corrected total cross section).
The agreement with experiment is at least as good as
is normally obtained with the codes LATREP11 and PPV"
which have been adjusted to achieve adequate agreement
with experiment.

The comparisons with experiment do point out a number
of areas that could be investigated in the future, in
order to determine if improvements could and should be
made to WIMS-CRNL. The areas of significance would
be:

- calculation of void reactivity. It should be
determined if there are areas of the calculation
that can be improved at a reasonable cost.

- The adequacy of the WIMS-CRNL resonance treatment
should be tested against accurate cluster resonance
calculations.

- Some tests should be carried out to determine if the
treatment of anlsotropio scattering in WIMS-CRNL by
a transport corrected total cross section is
limiting the accuracy of the calculation, and
whether this approximation can be Improved.

U. APPLICATIONS OF WIMS AT AECL

'/then WIMS was initially received from Winfrith Cand
jntll quite recently) a number of different lattice
codes were in use in a range of applications:

-HAMMER" and RAHAB" In benchmark and SLOWPOKE"
calculations,

in ZED-2 and - LATREP in production calculations for the researc.-.
reactors at CRNL, NRU and NRX, and fuel cycle
assesment calculations and

- PPV in natural uranium CANDU design calculations.

Each of the lattice codes was used and supported DV
the groups requiring them and, to a large extent, the
codes had only marginal overlap in data and methods.
Until the last few years, the applications of WIMS at
CRNL were relatively infrequent, and then mainly ir.
those cases where the alternate codes were felt to be
on weak ground or not capable of treating some part of
a problem. Some of the typical applications were two
dimensional cluster calculations, some cases involving
light water cooled clusters in a heavy water lattice
and, to a limited extent, in validation and assesment.

A number of factors have contributed to the increasing
use of WIMS-CRNL in the past few years:

- The cost of performing lattice calculations with
WIMS-CHNL has decreased significantly. The cost has
dropped by a factor of from two to four (depending
on the application), reducing the cost to the
approximate level of LATREP. In practice, for most.
applications the cost of the lattice calculations
was usually small relative to the other components
of the reactor physics analysis carried out, but in
spite of this, cost had remained a criteria in the
choice of lattice codes.

- In many applications there has been an increasing
need (and a realization of the need) for more
reliable and accurate lattice calculations than had
been carried out in the past.

- As users became aware of the capabilities and
support available for WIMS-CRNL, it was selected as
the code for use in a number of applications.

Currently WIMS-CRNL is executed on the average about
thirty times each working day, and runs for about UOOC
seconds each day. Some of the current applications at
CRNL are:

- The assessment of fuels and reactor designs for
improvements to the current CANDU reactors. These
calculations range from straightforward lattice-
burnup calculations used to assess gross fuel and
reactor properties to the generation of lattice
parameters to be used in three dimensional kinetics
calculations for safety studies.

- Small reactor design calculations for various models
of SLOWPOKE, MAPLE, MAPLE-X and the nuclear battery.

- Operational calculations of the research reactors at
CRNL, NRU and NRX.

Areas in which the use of WIMS-CRNL is currently being
considered are:

- As an alternate lattice code for use in benchmark
calculations. The resonance reactions calculated by
the codes OZMA" and REPC" (revised by
Rothenstein" for cluster lattices) may be used In
WIMS-CRNL; in this mode or calculation WIMS-CRNL is
as accurate as any deterministic lattice code at
CRNL, and has distinct advantages to the alternate
methods for CANDU cluster type lattices.
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- As a replacement for PPV in regular natural uranium
CANDU design and operational calculations.
Currently the cost of WIMS-CRNL calculations would
not be a significant component of the reactor
physics calculations regularly performed. If a need
were identified to change or improve the lattice
calculations now carried out with PPV no significant
cost penalty would occur in the transition to WIMS-
CRNL.

5. CONCLUSION

WIMS-CRNL is a multigroup lattice code that is now
used in a wide range of applications within AECL. The
efficiency of the code execution has been Improved and
has resulted in significant cost reductions without
any associated decreases in accuracy. A nuclear data
library base on ENDF/B-V has been developed for WIMS
at CRNL and has been found to be in good agreement
with experiment.

6. ACKNOWLEDGEMENTS

I would like to express my appreciation to the people
at CRNL whose assistance and advice has aided the
developments discussed in this paper. G.J. Phillips
initially brought the WIMS code from Winfrith and
installed it at CRNL. Throughout the developments,
M.T. van Dyk supported the code maintenance and
programming, and J. Veeder provided effective
supervision. As well, many helpful suggestions were
received from the users of WIMS at CRNL.

7 . REFERENCES

(1) ASKEW, J.R., et. al., "A General Description of
the Lattice Code WIMS", Journal of the British
Muclear Energy Society, 1(1), 561, 1966 October.

(2) PHILLIPS, C.J., "WIMS-CRNL, A User's Manual for
the Chalk River Version of WIMS", AECL-7132, 1982
August.

(3) EVANS, L.E. and OKAZAKI, E.A., "AELIB Users'
Manual", AECL-6076, 1983 June.

(4) MARLEAU, G., Private Communication.

(5) CARLVIK, I., "Integral Transport Theory in One-
Dimensional Geometries", NUCLEONIK, 10(1967)
101-119.

(6) DONDERS R.E., AECL Internal Report, 1981.

(7) STAMM'LER, R.J.J. and ABBATE, M.J., "Methods of
Steady State Reactor Physics in Nuclear Design",
Academic Press, 1983.

(8) VAN DYK, M.T., "WILMA: WIMS Library Management
Program, Program Description and User's Guide",
CRNL-2866, 1985 May unpublished report, Atomic
Energy of Canada, Research Company, KOJ 1J0

(9) 'ENDF/B Summary Documentation', BML-NCS-175t1,
(ENDF-201), 1979.

(10) CRAIG, D.S. and FESTARINI G.L., AECL Internal
Report, 1981.

Ml) WALKER, W.H. and HEBERT, A., "FISSPROD-3, An
Expanded Fission Product Accumulation Program
Using ENDF/B-V Decay Data", AECL-6973, '982
November.

(12) CRAIG, D.S., "Testing ENDF/B-V Data for Therma:
Reactors", AECL-7690, 1981 June.

(13) GRIFFITHS, J., 'LATREP1, AECL-7603, 1983.

(11) TIN, E.S.Y. and LOKEN, P.C., 'POWDERPUFFS-V,
Physics Manual', TDAI-31 , Part 1 of 3, 1979.

(15) BARHEN, J., ROTHENSTEIN, W. and TAVIV, E., 'The
HAMMER Code System', EPRI Np-565, 1978.

(16) 'The JOSHUA System1, USAEC Report DPSTM-500,
(1970-1975).

(17) KAY, R.E., 'Some Reactor Physics Studies on the
Slowpoke-1 Reactor at CRNL', unpublished report,
CRNL-708, 1972, Atomic Energy of Canada, Research
Company, KOJ 1JO

(18) BAHREN, J. and ROTHENSTEIN, W., 'OZMA a CODE tc
Calculate Resonance Reaction Rates in Reactor
Lattices Using Resonance Profile Tabulations',
EPRI NP-926, 1981.

(19) ROTHENSTEIN, W., 'Monte Carlo Code (REPC) tc
Calculate Resonance Reaction Rates in Thermal
Reactor Lattice Benchmarks', BNL-NCS-20UO0.

(20) ROTHENSTEIN, W., Private Communication, 1981.

Table 1: Pin Cell Lattices Analysed

TRX - Uranium metal fuel in light water, at two
lattice pitches

BAPL - Uranium oxide fuel in light water, at three
lattice pitches

R-100 - Uranium oxide fuel in light water, at three
lattice pitches and two temperatures at one
pitch

ZEEP - Uranium metal fuel in heavy water, at three
lattice pitches

Table 2: Comparison of WIMS-CRNL Pin Cell
Calculations With Experiment

WIMS-CRNL versus WIMS-CRNL versus
Experiment RAHAB/OZMA

k-effectlve +1.8±1.7 mk

p28 -2.0±2.1*

625 +3.1±0.6*

528 -O.2±3.7t

C* -1.9+0.7*

RCR + 1.0+.0.8*

•2.3±3.6 mk

-2.1+1.6*

•1.1+0.6*

-0.2+0.6*

-t.9+0.5*

-1.5+1.6*
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Table 3: Uranium Cluster Lattices Analysed

1. 19 Element Uranium Metal (19U): Sucklings
measured at eight lattice pitches,
reactions at four pitches.

2. 19 Element Uranium Oxide (19U02): Bucklings
measured at 12 lattice pitches,
reactions at five pitches.

3. 28 Element Uranium Oxide (28U02): Bucklings
measured at eight lattice pitches,
reactions at four pitches.

t. 37 Element Uranium Oxide (37UO2): Bucklings and
reactions measured at one lattice
pitch.

Table 6: Relative U235 Fissions
(

Coolant

D20
Air

D20

a l l values

•0,
+0,

+ 0 .

19

l

.7*0.

.8+1.

a r e WIMS-CRNL -

element uranium

.4$
,7%

6

+0.2+0.
-0.4+0.

Experiment

metal

,5?
.7%

19 element uranium oxide

1

8+0. 6%

6

+0.2±0. 3*

-0
-0

- 0

>

12

. 1+0

.2+0

1 ?

.3+0

.2%

. 3 *

.65
Air

28 element uranium oxide

16

Table 4: Eigenvalues Calculated for Uranium Cluster
Heavy Water Lattices

( a l l values are WIMS-CRNL - Experiment )

Heavy water coolant Air coolant p voiding

19U +0.15+1.52 mk +2.55+1.92 mk +2.4+1.0 mk

19U02 -1.48+1.31 mk +1.86±0.79 mk +3.0+1.3 mk

28UO2 +3.33±0.83 mk +4.53+0.87 mk +1.2±0.7 mk

D20
Air

D20
Air

-0
+0

+0.
+0.

1

.6*

.3?

3±0
3±0

37

. 2 *

.3*

element

6

-0.3?
-0.2J

-0,
+0.

.1+0

.5+0

uranium

.9%

. 8 *

oxide

1

- 0 .
+0.

2

.2*

.0*

+0.
- 0 .

1+0
2+0

+0
••0

.3%

. 4 *

13

2a

37UO2 +1.95 mk +3.56 mk +1.6

Table 5: Relative Conversion Ratios
( a l l values are WIMS-CRNL - Experiment )

Coolant

19 element uranium metal

6 12 average

D20
Air

020
Air

D20
Air

D20
Air

•2 .7±0.6* +1.8*0.5* -0.8+1.2% -0.3+0.3*
•0 .3 *1 .3 * -1 .0±0.5* -2.1+0.3% -1.6+0.31

19 element uranium oxide

6 12

• 1 . 6 * 1 . 7 %
+ 2 . U + 1 . 7 *

28 element uranium oxide

8 16

37 element uranium oxide

6 12 18

• 1 . 2 *
•1 . 2 *

+ 1.2%
• 2 . 9 *

-0 . l t
-0.5?

-1.8*
•0.3*

average

+1.2+1.2* -1.1*0.9* -0.4*1.1*
+1.6*1.2% -1.2*1.1* -0.2+1.0*

average

-2.9+1.4* -2.6+1.3* -4.5*0.2* -4.2±1.2*
•0.7*0.7* -0.1*0.9% -3.6*0.9* -2.3±O.9X

average

-0 .8*
-0.9*

Table 7: S28 : U238 Fissions / U235 Fl33lona
( a l l values are WIMS-CRNL - Experiment )

Coolant

D20
Air

D20
Air

D20
Air

D20
Air

+1.0*0.8*
+0.7±0.6?

19 element uranium metal

6 12

-0.8+1.9? -3.6+2.5*
-0.3+1.0* -2.3+1.8*

19 element uranium oxide

1 6 12

-5.2+3.4* +O.1±3.6* +0.0+3.6*
-7.4+1.0* -4.7*2.6* -4.3±2.6*

28 element uranium oxide

4 8 16

-6.5*3.2? -4.8*1.3?
-6.1+3.0? -5.6+1.9*

-5.8*2.8*
-5.8+1.8*

37 element uranium oxide

6 12 18

-0.8*
-1.0*

-1.3*
•0.1*

-0.5?
-0.2*

-1.2*
-1.0?

average

-2.6+1.8*
-1.6*1.4?

average

-O.7±3-2*
-4.7±2.2*

average

-5.8+1.6*
-5.4+1.9*

average

-1.0*
-0.5*
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LONGER LIFE CORES FOR SLOWPOKE-2 REACTORS

J . D . IRISH AND J.W. HILBORN

AECL Research Company
Chalk River Nuclear Laboratories

Chalk River, Ontario

ABSTRACT

A method has been devised to increase the lifetime
of SLOWPOKE-2 cores by increasing the initial fue.'
loading by about 72. The method was implemented
during the commissioning of the SLOWPOKE-2 (Kanata)
reactor. Calculations indicate that the core
lifetime will be doubled.

INTRODUCTION

SLOWPOKE-2 is a 20 kW ;;ool-type research
reactor(l). It produces a thermal neutron flux of
10 1 2 n.cnTZ.s"1 which is used mainly for
neutron activation analysis and the production of
short-lived Isotopes. Because of its inherent safety
characteristics it is licensed for unattended
operation.

There are six operating SLOWPOKE-2 reactors in
Canada, and one at the University of the West Indies
in Jamaica. There is also one -.i.Jer construction at
the Royal Military College In Kingston, Ontario,
which will be the first SLOWPOKE reactor to have a
low enrichment uranium cere ( 2 ) .

Six of the operating reactors have an effective
life of one full-power-year, which corresponds to
approximately ten calendar years at a typical
university installation. A simple method has been
devised to extend the core lifetime significantly for
future cores by adding more fuel to the core
initially.

SLOWPOKE-2: GENERAL DESCRIPTION

SLOWPOKE, an acronym for Safe Low Power Critical
Experiment, is a pool-type reactor developed by
Atomic Energy of Canada Limited as a neutron source
Cor Isotope production and neutron activation
analysis. Low co«t, inherent safety and simplicity
of operation were primary considerations. The
reactor provides a usable thermal neutron flux of
10 1 2 n.cB'^.s"1 at approximately 20 kW thermal power.
The prototype SLOWPOKE-1 was commissioned at the
Chalk River Nuclear Laboratories in 1970. The first
commercial unit, SLOWPOKE-2, was installed in 1971.
These reactors arc licenced to operate without
conventional automatic shutdown devices and without
an operator in attendee!:*. The baalc design
specifications are shown in Table 1•

SLOWPOKE-2 has five sample sites in the beryllium
radial reflector and five mora sites in the water
surrounding this reflector. Irradiation capsules are
transferred to and from the reactor using a
compressed gas system in tubes extending from the
loading station to the sample site. Figure I shows
the SLOWPOKE-2 reactor assembly.

TABLE 1: SLOWPOKE-2 DESIGN SPECIFICATIONS

Thermal
Diameter
Length
Volume

REACTOR
Pool Diameter
Pool Depth
Container Diameter
Container Height
Core Diameter
Core Height
Fission Power

2
6
0
5
22
22
20

IRRADIATION FACILITIES

Flux n.cm .s
cm
Cfflj

cm

INNER

1012

1.6
5.4
7

.5

.1

.6

.3

.0

.0

.0

m
m
m
m
cm
cm
kW

OUTER

5.8 x 1011

2.9
5.4
27

SLOWPOKE-2 cores contain about 820 g of U235 in
the form of uranium-aluminum alloy, in which the
uranium is enriched to 93 utZ. The core consists of
approximately 300 aluminum-clad fuel elements. The
cylindrical reactor core is surrounded by 10 cm thick
beryllium reflectors on the side and bottom. Long
term reactivity compensation is effected by adding
thin beryllium plates to a shim tray on top of the
core. The reactor core and beryllium reflectors are
supported inside a cylindrical aluminum water tight
reactor container suspended in the reactor pool,
thereby providing double containment for the pool
water.

The core is cooled by natural convection of the
coolant-moderator water. Coolant heat passes through
the wall of the container to the pool where it is
removed by means of a cooling coil connected to the
local water supply-

Inherent reactor safety is guaranteed by a
combination of the negative temperature and void
coefficients of the undermoderated core, a limited
maximum excess reactivity of 0.0034 i k/k,
administrative control of samples added, and
restricted user access to the reactor cor*.

The core of the SLOWPOKE reactor is daslgned to
have negative temperature and void coefficients of
reactivity, so that heating or boiling of the
coolant-moderator causes th* reactivity to decrease.
A consequence of this self-regulating characteristic
is an upper limit on the equilibrium power equal to
tha heat ramoval capacity of tha cooling systeu. A
more important consequence of tha negative
temperaf-ur* and void coefficients is the Inherent
protection against reactivity transients caused by
loss-of-rcgtilation. Th* reactor is dasignad so that
the power ana temperature transients, resulting from
th* moat severs reactivity transients, arc safely
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•nib-cooled vo ld i i .

lutumat I f cont ro l of the rnacrnr In exercised by «
'*Iny,le motni—driven cadmium absorber rod which moves

In

rhp "()|) r o r i e c r n r . The con t ro l rod motor In
;u t I vnr,td by II q lxnal from a no I f-pow«r«iij naufron
rlptpctor locntorl In rim I n r y l l l u n »ldo r s t l e c t o r . I f
t lip con t ro l qyntein f a l l f l , the mnxlmum cred ib le
r n n r t l v l r y ln«*?rtlan will resu l t In a power transient,
l lm l red to Mdfe leveLn fry the Inherent negative
fuadtmck iha r i i c to r lB t i c » . [ f a f a u l t develops In the
•nitomrtt |c: rani i la t l i iK iiynfora, the reactor can be
'ihutiloun manually by lns«rtln>r cadmium f i l l e d
'•u|>Hti l«n In one or more of the I r r a d i a t i o n a l te f l *

1NRRKASINC i:OHK LIKKTIMK

TIIP top bary l l lum r e f l e c t o r can have a thlcknenn
r.iMI.7 1 i iK between j-oro and 10 cm, and at the \my,lnnln%
of core l i f e I f In t y p i c a l l y 1.7 cm th i ck - To
'•.ompennat it lo r fuel connumpt: Ion , I t s thlcknenn Is
lncrpaxed by adding ««nil-c I rcu l / i r bery l l ium platen
manually. In t yp i ca l me .|t a u n l v e r n l t y , a p ln tn In

Tho o r i i i l n n l .ipproach- to -c r 11 leu 1 procedure
renu I r<vl *"hat I'UPI nl t'men t'» l>e loarlerf Into the core
u n t i l k-pf roct I v.i wan abour <).')')'>. The rhlcknonn of
"l.p "op bery l l ium rof lec to r war) MIPII Incriuinod In

nfepa u n t i l k - e f f e c f l v e would be 1.1)014 w i th H IP
cen t ra l con t ro l absorber removed. The remaining
bery l l i um for the top r e f l e c t o r wan then added In the
f o l l o w i n g years, so that a f t e r each adjustment
k - e f f e c r l v e was equal to or Just lens than I.0OS4.
The r e s u l t i n g core l i f e t i m e a f t e r the f u l l ID cm had
been added, wa» approximately one fu 11-power-year.

Reactor physics ca l cu la t i ons showed that Hie corn
l i f e t i m e could be extended s i g n i f i c a n t l y I f the l l r s t
approach ro c r i t i c a l were modif ied a l i g h t l y so t
f ue l loading continued u n t i l k - e f f o c t l v e was equal
or Juar less than 1.0034 w i th the con t ro l nbnor
removed. Thla leaves the t o t a l thickness of tho
bery l l i um r e f l e c t o r to be added In la te r yearn
compensate for tho r e a c t i v i t y lost ro fuel burn
This approach was used dur ing the commission In
the l a tes t S1.0WPOKE-2 reactor In June l')H4 at
AECL Radlochemlcal Company's Kannta f a c i l i t y .

FUKI. LOADING FOR SLOWPOKE-2 (KANATAJ RKACTOK

General

During commissioning of SLOWPOKE-2 reactors fuel
loading proceeds by adding fue l to the core accordion
ii> n pr«arranged schedule. !h»rlng fu« l UiaiHnu, ' l i«
s u b c r l t I c n l m u l t i p l i c a t i o n of neutrons from an Ar: He
source placed In I r r a d i a t i o n r i l te Hi in rhe annular
bery l l ium r e f l e c t o r Is detected by two neutron
sens i t i ve Ion chambers located outs ide but adjacent
to the reactor (sen Figure 2 ) .

ha r.
to

h*sr
top

to
up.

•)l

f l i p
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FIGURE 2:

CORE AND IRRADIATION TUBE LAYOUT

Graphs of inverse Ion chamber s igna l ( 1 / 4>n) and
k - e f f e c t i v e , versus number of fuel elements loaded
are constructed using the relationship:

k-effective - 1 - ~
<t\i

(1)

where S Is the ion chamber signal for the Ac: Be
source only (no fuel present), 4>n is the ion
chamber signal for total neutron flux produced with
the Ac:Be source and the fuel elements present, and
K is a factor dependent upon system geometry.

During commissioning a moveable absorber worth 5.3
mk is used to compensate for excess reactivity. It
is located in Irradiation site #5 in the beryllium
reflector and Is designated the commissioning rod.

Fuel Loading continues until k-effective is
approximately 0.995. In the past, beryllium plates
were then added to the top beryllium reflector until
k-effective was just less than or equal to 1.0034 as
determined by a period measurement. However, at
Kanata, fuel loading continued un'il k-effective was
about 1.003. In this way essentially the full
thickness of the beryllium reflector Is available to
compensate for burnup.

Preliminary Fuel Loading

At Kanata fuel loading progressed according to the
fuel loading schedule until, with 297 fuel elements
loaded, k-effective was estimated to be 0.9943. The
approach-to-critical plot is shown in Figure 3. At
this time fuel loading was temporarily suspended
while the commissioning rod was calibrated and the
neutron source vas moved to a new position.

Repositioning of Neutron Source

Before adding more fuel elements, the Ac:Be
neutron source was moved to an irradiation tube

outside the reactor vessel, thereby reducing its
effective source strength by a factor of 34.
Subsequent sub-critical power levels were reduced by
the same factor, so that the radiation fields
experienced by the operators handling the core were
minimized.

1.00

.98!

. 9 6

. 9 4
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n urucroi

MEASURED

CALCULATED

VII* KCtTKOr SOURCE 13
lUADUTtOH 5ITE * L
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FIGURE 3:

APPROACH TO CRITICAL SLOWPOKE-2 (KANATA)

Final Fuel Loading

The commissioning rod was lowered to 852 of its
full insertion and the system reactivity was thereby
reduced from 0.9943 to 0.9899. Fuel elements were
then added until the reactivity reached 0.999 with a
total of 317 fuel elements in the core. Near the end
of fuel loading, it was discovered that the three
outer irradiation tubes were incorrectly installed in
their sockets. When the error was corrected, the
reactivity decreased by about 0.5 mk. The final core
loading is shown In Figure 4. (The filled black
circles in the figure indicate vacant sites.)

Addition of Beryllium Plate

With a ioading of 317 elements, and the shim tray
installed, the commissioning rod removed, and all
irradiation tubes correctly in place, an additional
0.5 mk of reactivity was still required to give a
potential excess reactivity of 3.4 mk. Since one
more fuel element might have increased the reactivity
beyond the allowable limit, one semi-circular
beryllium plate (1.6 mm thick) was installed in the
shim tray.

INCREASE IN CORE LIFETIME

The expected Increase in core lifetime for the
Kanata reactor relative to previous SLOWPOKE-2
reactors was calculated using the DSN option of the
neutron transport cade WIMS-CRNl (3). The midplane
of the reactor core was modelled and axial leakage
was taken into account by using an axial buckling. A
297-eleoent core was used to represent the previous
SLOWPOKE-2 reactor cores and a 317-element core
represented the Kanata reactor core. The axial
buckling corresponding to the beginning of core life
(no top beryllium reflector) was obtained by finding
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the buckling which would make k-effective for the
297-element core equal to 0.9943 which was the value
measured at Kanata for a 297-element core. The axial
buckling corresponding to the end of core life (full
top beryllium reflector) was set equal to the axial
critical buckling for the 297-element core after one
full-power year of burnup.

o-oo-oo-o-o-o
o-ooo-t-o-o

> * Q •O-OOO-Q 0 « O <
Q 0 OOOOOO-O 0 00
)O oo-^oo-mo-o a a!
o o-oo-o-«-o-o-oo o D

FIGURE 4:

FUEL ELEMENT LOCATIONS

When the initial axial buckling was used for the
317-element core a value of k-e/fective of 1.0011 was
obtained. This is 2.6 mk lower than the measured
value for the 317-element core. There are several
possible experimental and calculational errors which
could account for this discrepancy. One deficiency
in the calculations is the use of a one-dimensional
calculation which does not take Into account
azlmuthal asymmetry.

Using WIMS, the 317-element core was then burnt up
until the critical buckling was equal to that
obtained for the 297-element core after one
full-power year. This occurred after 2.0 full power
years for the 317-element core.

The reactivity balances at the end-of-core life
for both the 297- and 317-element cores are given in
Table 2.

The increase in core lifetime is mainly due to
saving almost all the top beryllium reflector to
compensate for burnup. However, Table 2 indicates
that some of the increase is due to the samarium
concentration approaching its equilibrium
concentration. This is demonstrated by the fact that
the reactivity associated with Sml49 increased by a
factor of 1.3 while that associated with burnup
(excluding Sml49) increased by a factor of 1.9.

The totals given In Table 2 should be equal to the
reactivity worth of a 10 cm thick top beryllium
reflector. For the 297-element core the total
reactivity agrees well with the measured value of
20 mk. For the 317-element core the total is 1.8 mk
less than the expected value.

Because the initial reactivity of the 317-element
core Is underpredicted and because the reactivity
balance at the end of core life for the 317-element
core does not account for the total reactivity worth
of the beryllium reflector, it Is expected that the
present method of calculation underestimates the
Increase in core lifetime for the 317-element core.
Thus, it Is expected that the core lifetime will be
increased by at least a factor of 2.0

CONCLUSION

A method has been outlined to increase the
lifetime of SLOWPOKE-2 cores by increasing the amount
of fuel loaded initially. This method was
implemented during the commissioning of the
SLOWPOKE-2 (Kanata) reactor. Calculations indicate
that the 77. increase in fuel loaded will double the
core lifetime.
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Table 2: REACTIVITY BALANCE

Reactivity Worth (mk)

Initial Be
reflector

Sml49

Burnup
excluding

top

SmL49

297-element
core

9.1

4.9

6.0

317-element
core

0.4

6.5

U.3

Total 20.0
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A CALCULATIONAL MODEL FOR THE NRU REACTOR

S.R. DOUGLAS

AECL Research Company
Clialk River Nuclear L a b o r a t o r i e s

Chalk River , Ontario

ABSTRACT

A new computer model to calculate neutronic
properties of the NRU research reactor is being
implemented at the Chalk River Nuclear Laboratories
(CRKL). The model is founded on numerous theoretical
studies, on analysis of NRU support experiments done
in a zero power reactor, and on comparison with
measureaent in the NRU reactor. This paper examines
the elements of the new calculational model,
concentrating on th- unique features of NRU and their
influences on neutron pehaviour.

THE NRU REACTOR

NRU (1), a research reactor at CRNL, operates
typically at 135 MW thermal power. The reactor
serves many purposes tfhich Include fuel performance
tests using irradiation loops, damage studies from
fast neutrons in structural materials, radioisotope
prod'.--.ion for medical and industrial applications,
provision of neutron beams for basic physics
research, and commercial ventures for generating
revenue.

CDttCMT( 3HIIL0

FIGURE 1: THE NRU REACTOR

The particular features of NRU which need to be
handled by any calculational model illustrate the
diversity of purpose (2) and severity of test that
the NRU reactor affords- The core (see Figure 1) is
moderated by heavy water contained within a
cylindrical calandria vessel of height 366 cm and
radius 175 cm and surrounded by a light water
reflector and then steel and concrete shields. A
segment of the reflector and shields is replaced by a
graphite thermal column. Within the calandria,
assemblies are placed on a regular hexagonal lattice
of 19.685 cm pitch. the otherwise regular lattice
contains a split between two rows to accommodate
through tubes for the provision of neutron beams.

Moat assemblies are cooled by heavy water. About
ninety driver fuel rods supply most of the neutrons
in the reactor. Fuel rods of twelve elements can be
moved at full power by a refuelling machine. The
current fuel elements are initially composed of 93%
enriched uranium in an aluminum alloy. These rods
are taken to high (90Z) burnup, their uranium content
decreasing from 0.5 kg to 0.05 kg. The control and
safety system is based on cobalt and cadmium absorber
rods. The cobalt absorber rods double as cobalt-60
production assemblies. Short fast neutron rods are
scattered throughout the lattice to supply fast
neutrons to Material samples. Short, highly enriched
uranium rods for molypdenum-99 production are
clustered in central sites- The radioisotope
carbon-14 is produced from aluminum nitride rods in
several sites. Pressurized light water cooled loops
containing CANDU geometry fuel bundles with slightly
enriched U02, advanced fuel (Pu,U)02, (Pu,Th)02:
or (U,Th)02 elements are situated about halfway out
from the reactor center. These instrumented loops
provide fuel operating conditions comparable to those
in CANDU reactors. In summary, as the NRU core is
extremely heterogeneous Doth radially and axially
(see Figure 2), it poses considerable challenge to
any calculational model.

• • » ' « • • <-irit
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FIGURE 2: AXIAL POSITION OF SOME ASSEMBLIES

The government of the united States of America has
insisted on the practicable conversion of nuclear
fuels from high to low enriched uranium in all
foreign reactors whose fuel they supply. NRU is one
such reactor. Studies of 20% enriched fuel in the
form of USi3 in Al dispersion show that this fuel
is an acceptable alternative to the highly enriched
UA1 alloy for neutron production in NRU. The new
model for NRU will allow calculations to be easily
converted to low enriched fuel when needed.
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CALCULATIONS NEEDED

The calculations required for .VRU range in
substance and frequency from routine, operational
demands to occasional, specialized requests. Fuel
management calculations are made often to determine
fuel shuffles for on-power refuelling. Accuracy of
calculation may be sacrificed for speed to arrive at
a candidate fuel shuffle which is then checked by a
more accurate calculation. Each possible fuel
loading is reviewed to ensure that che candidate fuel
shuffle maintains requested powers in the loops, has
a balanced and acceptable power distribution
throughout the core, and supplies sufficient excess
reactivity for operation. Control rod calibrations
are calculated periodically, especially after a
reactor shutdown when many assemblies may be changed.
Reactor core loadings are stored on computer files
during the reactor operation. Core power
distributions are calculated, normalized to total
reactor power, compared with measured power
distributions, and used to assign burnup and
depletion to all assemblies in the reactor.
Inventory files are then updated. Production levels
of radioisotopes are predicted and suggestions far
times of removal are sometimes made. Less routine
calculations include enrichment calculations for loop
fuels, reactivity worths of loops on hypothetical
loss of H 20 coolant, and fast neutron flux levels
in material specimens. The&e calculations place a
greater premium on accuracy.

THE CALCULATIONAL MODEL

The increased power of modern digital computers
has made possible more accurate and more detailed
simulations of the neutron distribution in a nuclear
reactor. Some improvements and refinements in
reactor analysis have also extended the predictive
capability of reactor models- This increase in the
precision of calculation allows greater flexibility
both in satisfying the many competing users of NRU
and in providing better values of experimental
quantities to each user. In addition, the techniques
of modern data base management systems permit many
questions in reactor analysis to be answered more
simply and efficiently. Consequently, it is timely
to implement a new calculational model for NRU.

Calculational models for WRIT are of interest to
others in the reactor physics community for one main
reason: the NRU reactor provides a severe test of
current and improved methods in nuclear reactor
analysis within a practical setting. The
calculational model must account for the extreme
heterogeneity of NRU. Absorber and fuel assemblies
taken to high burnup, short and long assemblies, low
and high enrichment fuels, uranium and non-uranium
fuel materials, light and heavy water coolants—
all combine to challenge the calculational model.

The calculation of the transport of neutrons in a
nuclear reactor is prohibitively expensive if the
neutron transport equation is solved concurrently for
•ill assemblies. Simpler approximations to the exact
transport equation, such as the diffusion
approximation, are not adequate near strong neutron
absorbers. An alternative solution strategy must be
proposed.

The plan for determining the neutron distribution
in NRU is based on multlgroup diffusion theory in

homogenized cells. The approach partitions the
reactor description into a set of cells, each of
which includes an axial portion of an assembly. By
applying suitable boundary conditions at the edge of
each cell, the neutron transport equation is solved
within the cell. The resulting neutron fluxes and
reaction rates within each cell are not yet
normalized or exactly coupled to adjacent cells and,
therefore, do not predict actual pow&r distributions.
Some method Is needed to link the normalizations
among all cells. The method should also provide an
improved estimate of cell boundary conditions. To
effect this, a homogeneous diffusive medium replaces
the cell properties and is coupled to other
homogenized media by the diffusion approximation.
The solution of the multigroup diffusion equations
for the homogenized, multiregion reactor produces the
normalizations among cells and new estimates of cell
boundary conditions.

Specification of each homogeneous medium requires
an effective theory of spatial homogenization if this
strategy is to succeed. Spatially Independent
multigroup diffusion coefficients and cross sections
are produced by the homogetiization theory. The use
of these parameters in the coupling of homogenized
cells in the diffusion approximation must preserve
the average group fluxes between homogeneous and
heterogeneous cells if Correspondence with the
transport solution is to be assured.

DETAILS OF THE MODEL

We begin with the neutron transport calculation
within a cell. The transport calculation is made by
the code WIMS PIJ (3) which solves the integral
equation for neutron transport by the collision
probability method. The code uses an 89 energy group
library of materials derived from ENDF/B-V which is
condensed by region for use in an 18 group scheme in
the transport calculation. The calculation is made
in two-dimensional geometry with the axial dimension
treated as infinite. Clusters of fuel elements may
therefore be modelled explicitly. The hexagonal cell
boundary is simplified to an equal area circle to
which albedo boundary conditions are applied to
simulate the effect of the cell's environment. These
albedos, defined as the ratio of partial currants
entering and leaving the circle, are found from a few
group diffusion calculation of the reactor by an
iterative procedure. The few group albedos are
applied as constants over a range of energy groups in
the cell calculation. The WlMS calculation produces
the cell criticality eigenvalue and the average group
fluxes in each region. The fluxes are used to
determine reaction rates by region for an arbitrary
normalization.

To establish the correct normalization for each
cell, a full core calculation is required which uses
few group diffusion theory in homogenized cells. A
theory of spatial and energy homogenization is
therefore needed to fix the group parameters for each
homogenized cell. We deal first with the energy
homogeaizatiott'

The few group diffusion model for multi-region
cores tries to separate the scalar flux density in
each homogenized cell and in each energy group into
the product of a spatial flux shape and a rigid
energy spectrum. The assumption of separability
throughout each homogenized cell replaces a gradual
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transition in spectrum between adjacent, dissimilar
cells by an abrupt change in spectrum at the
interface between cells. A separable form for the
scalar flux density cannot be made to satisfy the
energy dependent diffusion equation because
continuity of scalar flux density and net current
cannot be maintained at the interfaces between cells
for all energies within a group. The group diffusion
model weakens this continuity condition by demanding
that only integrals over each energy group of the
scalar flux densities and the normal components of
the net current densities need match. These
approximate boundary conditions introduce an error
into the net leakage rate from one region to the
next. Continual partition Into more groups reduces
the spectrum mismatch and leakage error.

How many energy groups are needed for the NRU
calculational model? The effect of energy group
structure on NRU calculations was assessed using '.
simple model in slab geometry. Trisection of the
non-thermal energy group in a two group model
resulted in agreement in slab eigenvalue, in thermal
reaction rates (<c2% difference), and in fast reaction
rates (<b% difference) for the most important
assemblies in NRU. A loop-heavy water interface
represents the extreme in spectrum mismatches for
XRU. A comparison (4) between two and eighteen
groups for a loop-heavy water interface gave all
reaction rates to within 5%. A two group model is
thus adequate to within 5% for NRU calculations.

The success of the solution strategy now depends
on our ability to find spatially homogenized
parameters in two groups which, when used in a
reactor diffusion code, predict the correct
normalization for each cell. Flux weighting, a
procedure to determine homogenized cross sections,
takes spatially-integrated reaction rates from the
cell transport solution and divides them by the
spatial average of the scalar flux density. The
criterion for the success of this homogenization
procedure can be succinctly stated: the
hexagon-averaged two group fluxes provided by the
reactor diffusion code must equal those produced by
integration of each cell transport flux solution.
The fulfillment of this criterion requires an
accurate model for leakage between each homogenized
cell. Spatial averaging of the diffusion
coefficients, however, presents a problem. There is
no consistent theory for spatial homogenization of
diffusion coefficients in general cells. The special
instance of a cell Imbedded in a lattice of other
identical cells is adequately handled by a
prescription due to Benoist (5). The new NRU
calculational model uses two group Benoist
homogenized diffusion coefficients.

In large, regular lattices of nearly identical
rods, such as CANDU power reactors, these spatially
homogenized parameters lead to a global flux shape
which, when applied to the cell solutions, generate
accurate neutron distributions. For a heterogeneous
core such as .VRU, the certainty of generating the
neutron distribution by this approach Is far less
clear. Theoretical studies (6,7,8) that proceed from
a known reference model to Its spatially homogenized
equivalent show that these spatially homogenized
parameters do not provide enough degrees of freedom
to preserve the average group fluxes between the
reactor diffusion solution and the cell transport
solution. Extra homogenization parameters must be
introduced. One approach (6,7,8), the method of

discontinuity factors, injects flux discontinuities
at each Interface between homogenized cells. The
flux discontinuities are of sufficient magnitude to
correct for any leakage errors introduced by the
spatial homogenization process. The discontinuity
factors are found from calculations interposed
between the cell and reactor calculations. In these
Intermediate calculations, the cell eigenvalue and
the cell edge currents are Imposed as boundary
conditions on each region described by spatially
homogenized parameters. The resultant fluxes at the
boundary are divided Into the boundary fluxes from
the cell calculation to produce the required
discontinuity factors. The reactor diffusion
calculation must now Include flux discontinuities at
the interfaces between each homogenized cell.

This homogenization technique needs a
discontinuity factor for each of the two energy
groups and for each of the six sides of a hexagonal
cell. To determine them, the cell transport code
should solve for the neutron flux with general
current conditions, including tilts, on each side of
a hexagonal cell boundary. But the WIMS cell code
replaces the hexagonal boundary by an equal area
circle. Consequently, only one discontinuity factor
per group Is available. The approximation is to use
it on all six sides of each hexagon in the reactor
diffusion calculation.

The reactor calculation solves in two energy
groups for the neutron flux distribution in a lattice
of hexagonal columns, or axial "sections". Each
section consists of cell properties describing a
homogeneous, diffusive medium. At the radial
interfaces between hexagons, the two group fluxes are
required to satisfy jump discontinuity conditions
related to the discontinuity factors on either side
of each interface. The leakage between adjacent
sections is formulated in terms of the average fluxes
in the sections. The axial coupling is also
formulated in terms of the average fluxes in the
sections, but discontinuity factors are not used.
This is the so-called nodal method.

The two group diffusion equations in this
heterogeneous reactor model must be solved
numerically. After studies of some methods of
solution for the two group diffusion equations in
three dimensions, a finite difference method using a
variable axial mesh and a planar mesh of six
triangles per hexagon was found to give adequate
accuracy and speed. In the axial direction, the mesh
is fixed for all core loadings. Studies Indicate
that this simplification is satisfactory to within a
couple of percent. The planar mesh spacing was
chosen by comparing models with one, six, and
twenty-four triangles per hexagon. In the most
stringent case of operational interest, six and
twenty-four triangles per hexagon agree to within 3%.
Other nodal methods were tried but were rejected
because they did not possess the appropriate balance
between accuracy and speed for NRU cores. In
summary, six triangles per hexagon, using finite
differences, is adequate for operational calculations
in NRU.

Complicating the issue is the NRU lattice split
between rows D and E. The split displaces the
regular hexagonal lattice by about five centimeters.
The lattice itself is on a hexagonal pitch of about
twenty centimeters. An analytical model is used to
include the lattice split in the NRU calculational
model. By neglecting the assumption of transverse
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leakage in the lattice split, an exact response
matrix in slab geometry is used to propel the
flux-current vector across the split. The cell
average fluxes of triangles spanning the split are
coupled within the finite difference approximation
using the split response matrix as an intermediary.
Introduction of the lattice split into the
calculation causes the channel powers adjacent to the
split to increase by about 7% and the global power?
across the core to tilt by about 10%. A comparison
with a calculational model in Cartesian geometry
shows that this treatment of the lattice split is
satisfactory.

The boundary conditions that are applied on the
reactor edges in the core calculation are considered
as valid adjustable parameters of the model. Axial
zero flux boundaries are determined by fitting to
experimental flux detector measurements. The
boundary conditions applicable to the radial planes
in the core calculation vary the zero flux surface
until a best fit between measured and calculated
channel power distributions is achieved. Because the
reflector is heavy water and then light water except
in the graphite thermal column, the radial zero flux
boundary is not circular. The core calculation uses
301 hexagonal sites, many of which are an exolicit
simulation of part of the NRU reflector. The imposed
boundary conditions on the radiel planes, applied at
a distance far from the reactor center, do not
greatly affect the flux distributions within the
fuelled core.

The data required by the variDus stages of
calculation are supplied by the data base management
system. Modern data base management systems permit
data retrieval and calculation to be severed, which
enhances the flexibility and power of both.
Calculations may be modified or rearranged without
the constraints imposed by the need for data
retrieval in specific formats or in fixed sequences.
A developer of calculational models need not concern
himself with the details of data storage. Similarly,
the file structures and retrieval programs for data
storage can be modified by the data manager without
repercussions in the analysis codes. The QUERY
UPDATE system of data base management for CDC
computers can provide this flexibility.

The specific functions performed by the data
management system include: assist in the preparation
of input in a form simple for the user; set up
reactor geometry and boundary conditions; initialize
a core loading and permit rod changes; provide a
description of rod assemblies and allow new rods to
be inserted into inventory; store and modify axial
burnups and depletions for rods; obtain material
parameters for core loading, evaluate parameters as a
function of burnup, and allow new parameters to be
added to tnventory; recover power history of the
reactor from measurement; and, finally, assist in the
preparation of output. These functions are performed
by a combination of the QUERY UPDATE data management
system and an Interactive input processor.

The calculation of the neutron fluxes used in core
following is done in three dimensions. For rapid
survey calculations, which may then be checked by the
three-dimensional calculation, a two-dimensional
model Is used. Since speed takes precedence over
accuracy in these survey calculations, the two-group
diffusion equations In a plane are solved by a nodal

method. The method (9) places a smaller hexagon with
flat point fluxes centered within each site hexagon.
Between these two hexagons the flux distribution is
taken to be a straight line. The hexagon-averaged
fluxes at neighbouring hexagonal sites are then
coupled together by continuity of flux and current at
the interface. The size of the smaller, Internal
hexagon is an adjustable parameter and is selected by
a simple analytical model. This code also
Incorporates the lattice split.

The two dimensional calculation requires as input
cross sections and diffusion coefficients for each
hexagon in the plane. Consequently, some form of
axial averaging of the material properties of each
rod must occur to produce constant input parameters.
Axial averaging is therefore an example of spatial
homogenization. In accordance with the purpose of
the two dimensional calculation, the axial averaging
process should be fast. Among the methods of axial
averaging that have been studied, two methods—flux
weighting and flux squared weighting—have the needed
combination of accuracy and speed. A final selection
between these two methods has not yet been made. The
accuracy of these axial averaging methods has been
studied and the types of rod which could lead to
undue disagreement between two-dimensional and three-
dimensional calculations have been clearly
identified. An estimate of this disagreement,
typically less than 57. but sometimes up to 102, is
also available for most rod types.

In summary, the overall calculational model uses
the WIMS cell code to produce two-group homogenized
parameters for each axial section of each assembly.
The effect of the heterogeneous distribution of
assemblies is included through albedo boundary
conditions on the cell calculation and through
discontinuity factors in the reactor calculation.
The three-dimensional diffusion equations in two
energy groups are solved by finite differences using
variable axial and fine radial meshes. The lattice
split is incorporated by an implicit response matrix
treatment of neutron transmission and moderation in
the inter-site coupling expressions. A modern data
base management system handles the substantial data
retrievals and modifications.

VALIDATION USING THE ZED-2 REACTOR

The ZED-2 (10) reactor is a zero power research
reactor at CRNL which permits flexible arrangements
in core loading. A series of critical height
measurements and activated foil measurements provides
Information on the neutron distribution within ZED-2.
Several experiments (11,12,13,14) in support of NRU
have been done in ZED-2. The experiments measured
the neutron distributions in a sparse lattice core
containing in the central site either an NRU cobalt
control rod, a molybdenum-99 production rod, a fast
neutron rod, or four NRU loop bundle types <~ a loop
assembly. The analysis of these experimt a has
validated the calculational model.

Because the analysis of these experiments "as made
before the specification of the calculational system
and, indeed, the analysis helped greatly to fl- this
specification, not all components in the model of the
NRU calculation are present in each analysis of a
ZED-2 core. Agreement between calculation and
measurement from the cobalt rod and the Mo-99
production rod was good both with and without albedos
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and discontinuity factors in the caiculational model.
The fast neutron rod and all loop fuels required both
albedos and discontinuity factors to get good
agreement. As the most dramatic example, the global
copper activities for the core containing the sparse
ZEEP rod lattice and a central H2O cooled loop
string of natural UO2 Bruce geometry bundles had
the following agreement between calculation and
measurement: with albedos but ao discontinuity
factors in the model, the maximum discrepancy was 13Z
at the loop; with both albedos and discontinuity
factors in the model, the discrepancy was 0.5Z at the
loop and the maximum discrepancy in the core was 3%.
When fully implemented, the NRU caicuiational model
.fill be used to reanalyse these ZED-2 experiments.
Significant differences between the past and the new
analyses are not expected.

MEASUREMENTS IN NRU

Many quantities are measured during the operation
of NRU. The measurement system has undergone an
examination parallel to that of the calculational
methods, but the results will not be recorded here.

Although the measurements in NRU are not as easily
interpreted as those in ZED-2, many are still
valuable for fine tuning the calculations. The
measurement of constant interest is the channel power
distribution. Calculated and measured channel powers
will continue to be routinely compared when the new
calculational system is fully operational.
Travelling flux detector readings can be used to
compare measured and calculated axial flux shapes
adjacent to loop sites. Some information on the
relative accuracy of the calculation for fuelled and
absorber rods can be gained by comparing calculated
changes in control rod positioning with fuel burnup.
Measured specific activities of radionuclldes
produced for commercial sales can be compared to
calculated specific activities. After irradiation,
the burnup of a loop bundle is measured by the
chemical determination of neodymium and by
determination of fissile Isotopes by mass
spectrometry. The calculated and measured buraups of
loop bundles could then be compared. All of these
measurements will increase our understanding of the
strengths, limitations, and utility of the new
caicuiational model fo( NRU.

SUMMARY

The NRU core is extremely heterogeneous, both
radially and axially. The new calculational model
for NRU confronts the challenge of this heterogeneity
with finite difference solutions in three dimensions
of the cwo energy group diffusion equations. The two
group parameters are produced by the W1MS cell code
for each axial section of each assembly. The cell
calculations are mad* using two dimensional
multigroup transport theory and include the effect of
the heterogeneous distribution of assemblies through
albedo boundary conditions. The two group
homogenized parameters are produced by flux weighting
within the discontinuity factor formalism of
homogenizatlon. The lattice split is incorporated by
an implicit response matrix treatment of neutron
transmission and moderation In the cell coupling
expression. Tht substantial dtta handling uses a
modern data base management system.

Analysis of several NRU support experiments done
in a zero power reactor ZED-2 has validated this
model*

The new calculational model for NRU embodies
recent developments in reactor analysis as applied to
an exacting nuclear reactor.
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ABSTRACT

Repositioning the adjuster rod3 in 4 axial banks
in future CANDU-600 reactors would permit the
flexibility of grading the inner and outer banks to
achieve optimal flattening of the axial power
distribution for any particular fuel. With the 4
banks identical, acceptable axial power profiles can
be achieved for both MOX and natural uranium fuels.
Future work is to be directed at assessing the impact
of lower zone controller and shutoff rod worth in the
configuration of reactivity devices considered here,
and if necessary, in identifying means of increasing
their worth.

INTRODUCTION

The use of high burnup fuels in a CANDU reactor
necessitates changes in fuel management and/or
changes in the location of reactivity devices. This
paper explores the potential of relocating reactivity
devices in future CANDU reactors to allow the me of
both natural uranium (NU) and mixed plutonium-UOj
fuel (MOX), while maintaining the benefits of a
simple push-through fuelling scheme employing the
same bundle-shift throughout the core. Another paper
in this session (1) examines the possibility of using
fuel management alone to enable the use of enriched
fuels in existing CANDU'3. The problems associated
with the use of higher burnup fuel in a CANDU reactor
are mostly generic, and while this paper focuses on
MOX fuel giving a burnup of about 21 MWd/kg, the
conclusions also apply to low enrichment uranium and
thorla fuels.

Calculations were performed using the fuel
management code FMDP (2), which solves for the
neutron flux in three dimensions using
finite-difference diffusion theory, and accounts for
axial fuel management explicitly. For MOX fuel, cell
parameters were obtained from the lattice code
HIMS (3), with incremental cross sections for
reactivity devices from the 3-dimensional transport
code SHETAN (4), which was modified to Interface with
WIMS. For NU fuel, an existing data base was
employed, based on the lattice code POWDERPUFS-V (5),
with incremental cross sections from MULTICELL (6).
The reactor model was based on a CANDU-600 reactor.

INCENTIVE FOR RELOCATING ADJUSTER RODS

Most of the important physics characteristics of
MOX fuel, such as cro»» sections and reactivity, show
a much larger variation with burnup than in NU fuel.
This has important implication* in axial fuel
management. Since MOX fuel has a much larger initial
reactivity, and change In reactivity over burnup than
does NU fuel, in order to limit the Increase in
channel power upon refuelling it i> necessary to
reduce the number of fresh bundles added to a channel

during refuelling from that normally employed for NU
fuel. In this study, a 2-bundle-shift bidirectional
fuelling scheme was employed throughout the MOX core,
and an 8-bundle-shift fuelling scheme in the NU
core.

In the current CANDU design, with a 2 bundle-shift
fuelling scheme, the axial power profile with MOX
fuel in the absence of adjuster rods peaks at bundle
position 3 (in the refuelling direction), and then
decreases monotonically to the discharge end of the
channel (Figure 1). This is in contrast to NU fuel
where the power peaks near the center of the channel
when an 8-bundle-shift fuelling scheme Is employed.
The presence of adjuster rods in a NU core flattens
the axial power profile, while in a MOX core the
adjuster rods produce a severe drop in the power of
nearby bundles, and the resultant axial power profile
is an asymmetric double hump. Moreover, since the
relative thermal flux at the adjuster rod locations
is lower in the MOX core than in the NU core, the
adjuster rod worth is reduced, and there is only
about 15 minutes xenon override time in the
MOX-fuelled core compared to the 30 minutes obtained
in a NU core.
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CANDU-600 WITH REPOSITIONED ADJUSTER RODS

One way to increase Che adjuster rod worth and
improve the axial power profile for HOX fuel in
future reactors is to reposition the adjuster rods,
by moving the outer adjuster rod banks towards the
channel ends. Figure 2 is a top view of the reactor
showing the locations of reactivity devices in the
present CANDU-600, and an alternative arrangement
in which 28 adjuster rods have been positioned in
approximately 4 axial banks. The zone controller
locations have been kept unchanged, and mechanical
control absorbers and shutoff rods have been located
so as not to conflict with other devices. In each of
the outer adjuster rod banks, 2 adjuster rods have
been displaced inward one bundle length to
accommodate the emergency discharge pipes.

This arrangement of adjuster rods provides the
flexibility of varying the relative strengths of the
inner and outer banks to provide the optimal
flattening of the axial power profile for any
particular fuel. With NU fuel, removing the outer
adjuster rod banks altogether and sizing the
remaining rods to give the required xenon override
time results In an axial power distribution which is
flatter than in the standard CANDU-600. With MOX
fuel, the optimal flattening giving 30 minutes xenon
override time is achieved with the outer banks
stronger than the inner banks, in which case the
axial power profiles with and without adjuster rods
are very similar. With the 4 adjuster rod banks
identical, the strength of the adjusters can be
chosen to give the required worth for both NU and MOX
fuels, and the resultant power profiles are good,
though not optimal, for both fuels. This is the
reference case which will be used for the remainder
of this paper. Figure 3 illustrates typical axial
power profiles for adjuster bank gradings which Are
near optimum for either NU or MOX fuel, and for the
reference case which has identical banks axially.
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The time-averaged characteristics of the reference
MOX and MU cores with adjuster rods repositioned in 4
identical banks are compared to the standard NU
CANDU-600 in Table 1. In each case, the irradiation
distribution has been adjusted to achieve
criticality. In the MOX core, 3 radial irradiation
zones were used coapared to 2 in the NU cores,
enabling a flatter radial channel power distribution
to be achieved, and an 8Z reduction in maximum
channel power. The maximum bundle power is 9Z lower
in the MOX-fu«lled core than in the NU cores. The
refuelling machine usage, taking into account the
refuelling rate and the capacity of the fuelling
machines, it lower in the MOX than in the NU core.

Th« worth of reactivity devices is generally
•nailer with MOX fuel than with NU fu«l, reflecting
the greater blacknass of th« MOX fuel, and
differences in the axial flux distributions. However
the adjuster rods now glv* approximately 30 minutes
xenon override tint in both MOX and !TO cores. As fch«
increase in raactlvity upon refuelling and the
consequent power ripple arc only slightly larger In
the MOX core than in th« NU cor«, refuelling has not
been idcntlfisd as a problem. Further "Imulations
an, however, required to characterlzt th« zone
controller system with rtsptct to bulk and spatial
control.
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The mechanical control absorbers are provided
for the inii-taeion of a rapid power reduction, and
for overriding the reactivity increase following a
power reduction. In a NU core, the largest
reactivity Increase follows a hot shutdown for fresh
fuel with boron in the moderator, and the mechanical
control absorbers provide sufficient depth for this
case. In an equilibrium MOX core, the reactivity
increase following a hot shutdown is only about 2 ink,
based on point calculations with UIMS, and for this
situation, the reactivity worth of the mechanical
control absorbers Is more than sufficient.

The shutoff rods must provide sufficient static
reactivity to keep the reactor shut down In its most
reactive state, and the dynamic reactivity and
Insertion rate must limit the power pulse during a
LOCA to an acceptable level. For NU fuel the static
reactivity must exceed the reactivity increase
following a cold shutdown with xenon decay, about
55 mk. For a MOX-fuelled core at equilibrium, the
most reactive state is a hot shutdown with xenon
decay, about 35 mk. The static shutoff rod worth
with both fuels exceeds the estimated required
worth, although the margin for the MOX core is small.
A dynamic simulation is required to determine whether
the dynamic worth of the shutoff rods in the MOX core
is sufficient. Additional shutoff rod worth with MOX
fuel can be achieved by placing the shutoff rods in
the high flux position approximately 3 bundle lengths
Erom the channel ends. For example, by switching the
location of the outermost adjuster rods with the
shutoff reds between channel rows 7/8 and 15/16 (see
Figure 2), the shutoff rod worth Increases to 46 mk,
with only a small effect on the axial power profile
and adjuster rod worth.

Finally, a 75 day time-dependent refuelling
simulation was carried out tot the MOX-fuelled core
using the SIMULATE module in FMDP, starting from a
random distribution of channel ages. From this
simulation, the average maximum channel and bundle
powers are 6550 kW and 850 kW, respectively. The
average maximum channel power In the MDX-fuelled core
Is approximately 17, lower than in a NU core, and the
average maximum bundle power Is comparable to that in
NU. Defining the channel overpower as the fractional
difference in the power of a channel at a point in
time from its time-averaged power, and defining the
channel power peaking factor (CPPF) as the maximum
overpower averaged over time, the CPPF for the
MOX-fuelled core Is 142, compared to approximately
10% for a NU core. Analysis of the power and power
boost histograms from the point of fuel performance
indicates that the defect probability Is below the 1*
threshold even with the effects of end-flux peaking
included.

SUMMARY

Repositioning the adjuster rods In k axial banks
in future CANDU-600 reactors would permit the
flexibility of grading the inner and outer banks to
achieve optimal flattening of the axial power
distribution for any particular fuel. With the U
banks identical, acceptable axial power profiles can
be achieved for both MOX and NU fuels, with 30
minutes xenon override time. Future work is to be
directed at assessing the impact of the lower zone
controller and shutoff rod worths In the
configuration considered here, and If necessary, in
identifying means of increasing their worths.
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ABSTRACT

A fuelling scheme has been developed that
makes possible a significant increase in the
initial enrichment and hence exit burnup of the
fuel that can be used in existing CANDU reactors.
No hardware changes to the reactor are required.
Sufficient flux and power shaping, especially along
the fuel channel, can be achieved with the scheme
to improve the worth of the reactivity devices in
the presence of enriched fuel. Mixed oxide fuel
with a fissile content of 1.27 weight-percent gives
exit burnupa of 22000 HW.d/t(HB) resulting in a
40 percent reduction in uranium requirements and a
reduction in fuelling machine usage. Existing
CANDU reactors can thus be adopted to more uranium
conserving cycles when economic conditions favour
their introduction. They can also be adopted to
Lou Ejnriched JJranium (LEU) cycles which are
currently competitive.

INTRODUCTION

There is a saving in uranium requirement that
results from using slightly enriched fuel in CANDU
reactors. The enrichment may be in the form of the
fissile isotopes of uranium and/or plutonium,
either singly or in 3ome desirable combinations.
For the LEU cycle the savings in fuel coat are
achieved because the exit burnup is high and
consequently fuel fabrication coat per kw.h is low.
This more than offsets the separative work (SHU)
coats.

Using enriched fuel in CANDU reactors with
conventional fuelling schemes of thti type used in
the natural uranium cycle produce:

1) axial power and flux distortions, and

2) reductions in the reactivity worths of control
and safety devices.

These effects become more pronounced as fuel
enrichment increases and as a reault it is
necessary to consider some or all of the
following:

1) limit enrichment,

2) refuel fewer bundles at a time,

3) design for increased channel and bundle powers,
and

4) redesign and relocate the reactivity devices.

Fuel management studies at Ontario Hydro on
Bruce B indicate that the fuel enrichment has to be

limited to 0.9 wt% U-235 (giving an exit fuel
burnup of 13600 MW.d/t(u)) to avoid such problems.
Even then a modification is required to allow
fuelling in the direction of coolant flow.
Furthermore the reactor has to be derated slightly.
Study of a tandem fuel cycle'1' using mixed oxide
(MOX) fuel with an enrichment equivalent to 1.3 wt%
U-235 in total U indicated several of the problems
listed above.

This paper describes a new fuel management
scheme. Known as the Checkerboard ftiel Management
Scheme (CFMS) which enables an existing CANDU
reactor to use enriched fuel (at least 1.3 wt»
U-235 equivalent) with no significant operational
constraints and without any hardware changes to the
station. A parallel paper 12) describes an
alternative strategy,
reactivity devices.

namely repositioning of the

The results of a tandem fuel cycle study, that
uses LWR reprocessed spent fuel are used to
illustrate the differences between the existing
fuel management schemes and the CFMS. However, the
principle behind the CFMS is generally applicable
to all fuel cycles employing enriched fuel.

EXISTING FUEL MANAGEMENT SCHEMES

Existing fuel management schemes were developed
specifically for natural uranium CANDU reactors
having horizontal fuel channels with usually 12
fuel bundles per channel. The reactors are fuelled
on power and adjacent channels are fuelled from
opposite enda. Basically the reactor is divided
into one or more radial zones each characterized by
an exit fuel burnup and a bundle-shift scheme. The
exit fuel burnup distribution is designed to
achieve an optimal radial power distribution. The
bundle-shift schema is designed to insert the
maximum number of fresh fuel bundles into a channel
during refuelling without creating power peaking or
control problems. The »xial flux and power
distributions are dependent mainly on four factors,
(a) init.ial fissile content, (b) exit fuel burnup,
(c) the hundle-shift «ch«me, and (d) adjuster rod
layout if any.

The existing fuel management schemes for a
CANDU 300 for natural uranium fuel and for the
tandem fuel cycle using Mixed OXid« (MOX) fuel are
shown in Figures 1 and 2 respectively. It should
be noted that 4 and 3-bundle shift schemes are used
for the natural fuel core. A one-bundle shift
fuelling scheme was chosen for the MOX fuel. The
reaaon for this choice is mainly because of the
large changes in the reactivity and the H-factor
i.e. the flux to power conversion factor uotween
frsah and discharged fuel. With the existing
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fuelling scheme/ the maximum channel power would
become excessive if more than two fresh bundles are
inserted into the channel being refuelled. For a
given number of fresh bundles inserted into a
channel upon refuelling. the increase in the
channel and bundle powers depends on (a' the
increase in the thermal flux in the channel, and
!b) the increase in the H-faotor. The former
depends on the change in the lattice Jc^ and the
latter,, the change in fissile content as the fuel
is irradiated.
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Figure 3 shows the variat ions of l a t t i c e k s with
fuel burnup for the MOX fuel and for the natural
fuel. The corresponding variat ions of the H-factor
vs fuel burnup are shown in Figure 4. The change
in r e a c t i v i t y , i . e . , A V k ^ , between fresh and
discharge burnups is -80 mk for the natural fuel
and -367 mk for the WDX fuel. The changes in the
H - f a c t o r , A H , d e f i n e d a s
l H d i s c h a r g e d - H f r e s h ) / H f r e s h a r e - ° - 0 6 f o r t h e

natural fuel and -0.46 for the MOX fuel .
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Figure 3 Variation in lattice multiplication factor
with fuel burnup
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Figure 4 Variation In power par unit neutron flux
(H-factor) with fuel burnup

For on«, two or thr««-bundl« shift achem**, a
fuel bundl* would accumulate at lcaat half of i t s
•xp«ct«d «xit burnup by th« tin* i t laavas th«
central position, 1 .* . , position 6 or 7 in a
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12-bundle channel. 3ecause of the bi-directional
fuelling feature of CANDU reactors, the axial flux
dis tr ibut ion is determined by the burnup
distribution of fuel bundles averaged over adjacent
channels. The large burnup induced reactivity
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ADJUSTERS

decrease of enriched fuel, e.g., MOX, results in a
lower reactivity at the centre than at either end
of the reactor. This reactivity differential
increases with fuel enrichment (and hence with
discharged fuel burnup). Thus, for the MOX fuel
using one-bundle shift refuelling, there is a
strong intrinsic tendency for the axial flux
distribution in the region of the adjuster rods to
peak near both ends and drop sharply at the centre,
i.e., produce double humps. This intrinsic flux
distortion is further aggravated by the presence of
existing adjuster rods, which have been designed to
flatten the axial flux distribution in a natural
CANDU reactor.

For the fuel burnup configurations of
Figures 1 and 2, Figures S and 6 show the
tine-averaged lattice cell flux and bundle power
distributed respectively along a central channel
(H12) of a 600 MW(a> core using (a) natural fuel,
and (b) MOX fuel. Table 1 gives the reactivity
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Figure 5 Thermal neutron flux along channel M12
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Figure 6 Bundle powers along channel M12 for Nat IJ (4 bundle shift) and MOX (1 bundle
shift) case (Normalized to 6500 kW channel power)
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worth of the control and safety devices in the
natural core and in the MOX core. The lower device
reactivity in the MOX core is mainly due to the
reduction in neutron flux over the central region
of the core '-rtiere the devices are located. The
reduced reactivity of the shutdown and control
devices have safety and licensing implications.

Although it would be feasible to redesign the
safety and the control systems in future CANDU
reactors which may use enriched fuel, this option
is not desirable for existing CANDU reactors.

CHECKERBOARD FUEL MANAGEMENT SCHEME

The CFMS, shown schematically in Figure 7,
involves dividing the core into small groups of
channels and having different bundle shift schemes
between the channels of a group. The example
discussed here has four channels in a group, a pair
of adjacent channels with 6-bundle shift and an
adjacent pair with 2-bundle shift. Each channel of
a pair is fuelled from opposite ends.

•

A

•

o
•

A

0
•
A

•

o
•

•

A

•

o
•

A

o
•
A

•

o
•

A

A

•

o
•

A

o
•
A

A

O
•

Legend:

A

O

- + ve N-bundle shift

- - ve N-bundle shift

- + ve M-bundlB shift

- v« M-bundle shin

Eximpls: N = 2, M = 6

Figure 7 Schematic diagram of checkerboard fuel
management scheme

It has been observed that for the MOX fuel (and
for any enriched CANDU fuel of equivalent
enrichment), a simple one or two-bundle 3hift
fuelling scheme gives a flux shape with a
depression in the centre in the region of the
adjuster rods. However, a simple 6-bundle shift
fuelling scheme would give an equally bad axial
flux shape, one with a large peak in the centre.
Meither of t.ieae axial flux (hence power)
distributions is acceptable aa will be seen later.
But, by intermixing the 2-bundle shift and the
6-bundle shift channels in a checkerboard style as
shown in Figure 7, and recognizing the neutronic
coupling between adjacent channels, the flux peak
at the centre due to the 6-bundle shift is balanced
by the presence of two fresh bundles at the ends of
the adjacent 2-bundle shift channels. In this way
the desired flux and power distributions in both
the 2-bundle shift and the 6-bundle shift channels
are obtained.

The results of the checkerboard fuel management
scheioe are quite predictable and are to be expected
from the neutronic coupling of adjacent channels.
Although we have used the MOX fuel and the 2-bundle
and 6-bundle shift channels to illustrate its
effectiveness, thu CFMS is versatile enough to give
axial flux distributions of a range of desired
shapes with CANDU fuel enriched with the fissile
isotopes of uranium and plutonium. For example,
depending on the fuel enrichment, each group in
Figure 7 may consist of more than 4 channels and
more than two types of bundle shifts* The
essential feature of the checkerboard fuel
management scheme is that channels of different
bundle shift schemes are intermixed systematically
in a region or regions of a reactor with the
specific intention of achieving a desired axial
flux (hence power) distribution. the checkerboard
region may either be a part or the whole of the
reactor.

COMPARISON OF CFMS WITH EXISTING
FUEL MANAGEMENT SCHEME

Figure S shows the CFMS developed for the tandem
fuel cycle. The checkerboard region, which
consists of adjacent pairs of 6 and 2-bundle shift
channels, is at the centre of the core. This is
also the region most affected by the adjusters.
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Figure 8 Configuration of fuel burnup zones for
MOX fuel with 2-6 CFMS

The remaining channels are all 2-bundle shift
channels. The enrichment of the fuel used in the
2-bundle and 6-bundle shift-channels is the same.
In order bo illustrate the differences between the
CFMS and the conventional fuel management, scheme,
we compared the tima-averrged axial flux and power
distributions for a central channel (M-12) for

i) all 2-bundle shift,
ii) all 6-bundle shift, and

i i i ) checkerboard 2 and 6-bundle shift.
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The same radial fuel burnup configuration is used to 11, are similar, but the axial flux and power
for the three cases. The maximum channel powers distributions are remarkably different,
obtained with these schemes, as shown in Figures 9

FIGURE 9 : CHANNEL POWERS OBTAINED WITH A 2 BUNDLE SHIFT FUELLING SCHEME IN ALL CHANNELS
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FIGURE 1 0 : CHANNEL POWERS OBTAINED WITH A 6 BUNDLE SHIFT FUELLING SCHEME IN ALL CHANNELS
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FIGURE 11: CHANNEL TOWERS OBTAINED WITH A 2-6 CFMS

(Channel Powers in kilowatts)
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Table 2 gives the bundle averaged fluxes and
powers at channel M-12 normalized Co the nominal
channel power of 6500 kH for the three different
fuel management schemes. The corresponding axial
flux and power distributions are shown in

TRBLE 2

aHLE AVERftGK) JUK AID POB& AT CHBMBL M-12

ECR VARIOUS ran. MWKBBW SMBES
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1
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11
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2-SUtCLE SUET
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2.65
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1.51

1.51

1.66

2.11

2.30

2.67

1.40
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Figjras 12 and 13 respectively. The effectiveness
of the CFMS in shaping the axial flux and power
distributions is clearly evident.
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Figure 13 Bundle power distribution along a channel (Normalized to channel power of 6500 kW)

REACTIVITY WORTH OF CONTROL AND
SAFETY DEVICES WITH CfMS

The reactivity worth of the various control and
safety devices for a CANDIT 600 using the tandem
fuel cycle with the CfMS are shown in Table 3. The
corresponding values when using the conventional
3chemes for the natural uranium cycle and the
tandem fuel cycle (simple 1-bundle shift scheme)
are given in Table '• It should be noted that
although the adjusters are worth only 10 ok in the
tandem fuel cycle CtfMS core as compared to the
15 mk in a natural uranium core, they provide
essentially the same xenon override time, because
of the lower xenon reactivity buildup rate. The
lower xenon reactivity is due to the increase in
the neutron absorption cross section and the
reduction in the neutron flux level in the enriched
fuel. The important point is that the
effectiveness of the control and safety devices
with the tandem fuel cycle using the CFMS is
comparable to that of the natural core.

TABU: 3

FESdTVriY WORKS CF COOTOL AID SAFETY LfcVUiS
IN A CHKKERBQASD MX CORE

REsuTivriY DEVKSS

21 adjusters withdrawn

14 mne controllers (0 - 100% f i l l )

28 ahutoff rod* inserted

4 mKhanic&l control absorbers inaerteu

HMSUSIIUX KHBH (ok)

+ 10*

- 6.6

- 68

- S

EFFECT OF REFUELLING

The e f f e c t of r e f u e l l i n g when us ing the CFMS
with the tandem f u e l c y c l e has been s t u d i e d .
Table 4 gives the powers before and after
refuelling when using the CFMS for a typical

TABUS 4
IOER, BBFOEE » D MTER BEKEHJH3 (kW)

Xenon override timfe ™ 30 minutes

BQNXE

1

2

3

4

5

6

7

a

10

n

12

OIM*EL
TOOLS:

MOCCHEX3E3

C H N W & K 4
(2 hl-3hift)

297.8

537.9

623.9

598.0

656.0

538.3

49S.4

459.1

419.2

394.1

309.5

152.5

3411.2

MTEK

353.8

710.1

798.3

740.0

671.3

623.1

560.8

516.1

465.7

435.9

334.5

159.9

6369.4

HBCfUO CORE

CTMWELM 18
(6 hl-ahift)

EfFCeE

225.5

371.4

427.4

439.0

440.7

450.9

376.S

319.5

32D.3

319.3

265.5

147.2

4103.1

AFTER

353.9

704.5

857.3

S42.1

810.3

795.8

570.6

426.1

400.9

409.4

353.3

181.0

705.2

NAIURAL CDHE
(8 bl-shift)

awN&g io
(8 bl-shift)

SEORE

164.9

386.1

540.0

645.4

662.9

704.6

709.6

665.2

622.4

498.1

34S.1

151.0

6098.4

AFIER

163.8

397.3

579.7

713.8

734.2

793.2

302.2

743.8

740.6

587.8

392.2

157.8

9806.1
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2-bundle shift and foe a typical 6-bundle shift
channel. Also given are the bundle powers before
dnd after refuelling a typical 8-bundle shift
channel in a natural core. Because of the
relatively flat axial flux distribution given by
the CFMS, the power boost experienced by bundles
moving from position 1 to position 7 (a 6-bundle
shift), is less than that in the 8-bundle shift
natural core, for bundles moving from position t to
position 9 (an 8-bundle 3hift). It 3hould be noted
that the change in channel power on refuelling a
6-bundle shift channel and consequently the power
ripple due to refuelling, is significantly higher
than in the natural core. However, the channel
powers after refuelling for the enriched core
using the CFMS and the natural core are almost
identical. This is also true of the maximum
channel powers, which are respectively 7.2 MW and
7.1 Mw for the enriched and natural cores. The
maximum channel power can be kept within the
specified limits in the enriched core by providing
sufficient neutron flux flattening in the radial
plane. This is achievable because of the higher
reactivity variations of the enriched fuel between
refuelling and discharge.

SUMMARY AND CONCLUSIONS

1) A fuelling scheme has been identified that makes
it possible to use fuel with significant
enrichment (1.3 weight percent U-235 or
equivalent Pu) in operating CANDUs without
requiring any hardware changes to the reactor or
fuel handling system. Thus existing CANDU
reactors can be adopted to more uranium
conserving and more economic fuel cycles when
economic conditions favour their introduction.

2) The success with which the flux and power
distribution and thereby the maximum channel and
bundle powers can be controlled with this scheme

is based on the use of checkerboard fuelling.
The core is divided into identical groups of
channels. Each channel of a group has its own
bundle shifting scheme. Since the flux
distribution along a channel is affected,
through neutronic coupling, by the bundle
shifting schemes of the adjacent channels of the
group, the amount of flux and power shaping that
can be carried out is significant. Detailed
fuel management simulations were carried out for
a CANDU 600 using the tandem fuel cycle.
Enrichment equivalent to 1.3 weight percent
U-235 was used. The checkerboard scheme
identified consisted of groups of 2 pair3 of
channels, one pair fuelled with 6-bundle shift
(from opposite ends) and the other similarly
fuelled, with 2-bundle shift. Maximum channel
power was 7.2 MW compared with 7. 1 NMW for the
natural uranium cycle. Maximum bundle power rfas
920 kW.
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A NEW GENERATION OF INTENSE RADIATION SOURCES

J. McKeown

Atomic Energy of Canada Limited
Accelerator Business Unit
Kanata, Ontario K2K 1X8

SUMMARY

Exposure to ionizing radiation from radioactive
sources Is now the preferred method for sterilizing
roany industrial products. This spin-off from the
nuclear industry has established a secure technical
base from which new ventures in radiation applications
can he considered. The modern high powered linac, in
association with expertise in established gamma radi-
ation technology, can provide applied radiation scien-
tists with the means to compete directly with con-
ventional chemical processes.

INTRODUCTION

The nuclear industry has spawned a major new
industry in radiation processing. Approximately 140
industrial gamma irradiators located in 41 countries
and with an estimated total capacity of almost 100 MCi
are employed worldwide. Almost all of this processing
power comes from 60Co. This radioactive isotope is
produced in reactors to satisfy a demand for medical
sterilization, food preservation and other miscellane-
ous applications including waste treatment, sharing
respectively 90, 3 and 7% of installed capacity.
6 Co is not a reactor by-product but is specifically
produced to transfer ionizing energy from the reactor
to the treated product.

TECHNOLOGY PHYSICAL PROCESS

10' _ LINAC I

DC ACCELERATOR
1_ 60 C o

X-RAY DIAGNOSTICS

ENERGY (eV)
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FIG. 1 ELECTRO-MAGNETIC SOURCES AND THEIR INTERACTION MATTER. ENERGY IS ONLY PROPAGATED [NTO MATTER IN SULK
8Y THERMAL PROCESSES UNTIL PHOTON ENERGIES GREATER THAN 10" ARE REACHED. THE LINAC PRODUCES HIGH
ENERGY ELECTRONS AND THE PHYSICAL PROCESSES TAKING PLACE AS THE ELECTRON-PHOTON SHOWER, INITIATED BY
A HIGH ENERGY ELECTRON, IS THERMALIZED.
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NEUTRON AND RADIATION PHYSICS

. The fundamental physics design characteristic of
the CANDU reactor is neutron economy. The absorption
rjf a neutron by Co results in an unstable nucleus,
*°Co, which decays with a half-life of 5.2 years,
emitting a S particle and two simultaneous gamma rays
of energy 1.17 ^eV an4 1.33 MeV. The tots) gmsna
energy yield per neutron is therefore 2.5 Mev. This
can be compared with the 200 MeV thermal energy or
70 MeV electrical energy produced by a neutron
triggered fission reaction. The largest 60Co irradi-
ators in use today have a rated capacity of 4 MCi,
equivalent to a photon power of 60 kW. Accelerator
designs with up to 1 MW of electron power producing
photons of comparable energy to radioactive sources
are contemplated . To establish a perspective of
proven gamma technology with the evolving but yet
unproven accelerator technology it is necsssary to
review the basic interaction processes.

Gamma rays create high energy electrons when they
interact with matter. The electron linear accelerator
produces oenetrating electrons and photons resulting
from the interactions of the high energy primary
particle in the target. Figure 1 illustrates physical
processes taking place as photons or electrons lose
some of their energy in 3 material. Successive
scattering events develop into a shower of low energy
electrons to affect chemical changes by breaking
molecular bonds and creating active free radicals.
The quality of this energy decreases as the number of
participating particles increases and ultimately
becomes indistinguishable from thermal agitation. The
skill of the radiation chemist is required to direct
the energy to the appropriate chemical site when the
shower components still have sufficient energy to
break the desired bond.

The linac can provide either penetrating electrons
or photons as a consequence of the basic interaction
processes3 shown in Fig. 2. For low atomic number
targets, ionizing collisions dominate, giving rise to
emission of electrons. Radiation of photons (brems-
strahlung) is more probable in targets having nuclei
with high atomic number. The radiative probability
increases rapidly with enefgy and for a thin tungsten
target exceeds tire ionizitiq collision probability at
energies greater than 10 MeV. For thick targets,

10
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J _
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FIG,

60 80

ATOMIC NUMBER
2 VARIATION OF ELECTRON ENERGY LOSS WITH ATOMIC

NUMBER FOR TWO ELECTRON INCIDENT ENERGIES.

source absorption of low energy photons must ^e
included and combined with the lower radiative cross
section of electrons deenergized by collisions. This
reduces the forward energy photon yield to » 20?, for
10 MeV electrons.

Chemical or pathogenic changes in an irradiate^
object are related to t>>e power of the accelerator by
the simple relation

P = (0/f)(M/T)/3600 (Is

where P is the exposure power in kilowatts, 0 is the
absorbed dose in kGray, M is the mass of treated
material in kilograms, T is the exposure time in hours
and f is the power utilization factor. All of these
quantities have simple definitions but, f, is criti-
cally dependent on absorption processes and geometric
factors. In some bulk applications, such as food
irradiation, maximum and minimum doses are specified.
Figure 3 shows that for a single sided irradiation
with electrons, only the shaded area in a homogeneous
target like water results in a useful dose for a
specified max/min ratio of 1.5. The associated value

o

TWO-SIDED IRRADIATION

10 MeV ELECTRONS IN WATER

2 3 (. 5

DEPTH (cm)

FIG. 3 ENERGY UTILIZATION EFFICIENCY FOR ELECTRONS.

of f is 0.7. However for two sided irradiation not
only is the treatable thickness more than doubled but
f is increased to 0.85. For bremsstrahlung, two sided
irradiation is even more desirable, the thickness
being increased by a factor of 5 and f increased from
0.2 to 0,3 (see Fig. 4).

High energies (• 10 MeV) bring attendant activation
hazards and this is of particular concern in irradi-
ating food. The Codex Alimentarius1* has taken a con-
servative approach to such perceived problems and has
set specific limits of 10 *U>v and 5 *teV respectively
for electron and photon irradiation of food. The
problem arises mainly from neutrons created in the
radiator and the target by photon interaction. In the
latter case the neutrons arise from the 150 ppm
concentration of D20 in hydrogenous material. The
neutrons are emitted isotropically but as the photon
yield is mainly forward peaked the geometry is not
critical in assessing the rate of neutron production.
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The situation is quite different when capture
probabil ity is considered and dose absorption
efficiencies nmst be combined with neutron diffusion
parameters. Slowing down is due mainly to hydrogen
atoms, hence Leboutet in a recent study assumed a
pure water medium and diffusion lengths the same as
for f ission neutrons in a reactor. An 8.5 cm thick
planar water volume formed the irradiated medium for
electrons and a 20 cm thickness for y i r rad ia t ion.
Table 1, adapted from Leboutet, provides the number of

neutrons produced and absorbed in these typical geome-
t r i es . The relative effects of photon and electro'
produced neutrons in wet food are compared with thos.-
resuiting from the target in a typical i rrart iato'
geometry in Fig. 5. The act iv i ty created by thes>-
absorbed neutrons (Na2u is the major contributor! an
other,competing nuclear processes is typical ly similar
to C;!* ccmtaiiunation, one. four following i r radiat icr
and a few percent of that from K contamination after
one day.

NEUTRONS CAPTURED per kGy

5 6 7 8 9

ENERGY (MeV)
10 11 12

FIG. 5 VARIATION WITH ENERGY OF NEUTRON ABSORPTION I\
FOOD FOR ELECTRON AND PHOTON IRRAOIATIOM
ASSUMING ELEMENTAL COMPOSITION OF THE HUMAN
BODY AT A SOURCE/PROOUCT OISTANCE OF 30 cm.

rutfie l

in i t t food per US;

f

(MeV)

3

4

5

6

7

8

9

10

11

12

SUb*
Thickness, t

(cm)

2.55

3.4

4.25

5.1

5.95

6.3

7.6S

8.5

9.35

10.2

HeutrOfl
Production

» 10s

1.72

0.85

1.45

1.88

2.16

2.32

2.40

2.44

2.42

2.42

« 10 '

0.043

0.193

0.52

0.98

1.52

2.12

2.78

3.41

i .I8

1.92

Capture*
Probjbi1i ty

0.135

0.22

0.29

0.37

0.44

0.52

0.56

0.50

0.64

0.65

neutrons"
Captured

B(r)
x 105

0.57

0.6S

1.16

1.51

1.73

1.8S

1.93

1.95

1.94

1.93

> 10J

0.01

0.04

0.15

0.36

0.67

1.10

1.56

2.05

2.68

3.19

* Electron only, 8(T) capture co»rffc(ent SOI as t > 20

' 4.S 10" H; atom/o», V ' 24 £-'>:1n-e«D(-0.404(E

'* Assumes pure »ater and fission neutron diffusion pira«eters.

THE LINEAR ACCELERATOR EFFICIENCY

The conventional l inear accelerator consists of
several subsystems and these are depicted in F ig . 6.
The poor overall energy eff iciency of the l inac is a
disadvantage and the f igure shows the maximum sub-
system ef f i c ienc ies 6 . Even though simultaneous oper-
ation at peak eff ic iencies of a l l components may *e
possible, mains to electron beam conversion at 10 Me1.1

with an eff iciency greater than 50S w i l l be d i f f i c u l t
to achieve. The linac therefore lags behind t>K
widely used insulated core transformer (eff iciency
85%), or Dynamitron (50%) dc accelerators in terms of
ef f ic iency, hence a premium is paid for penetration.

The subsystems of F ig. 7 •'ave evolved over severa'
decades of linac development and a review of the
current status of dc power supplies, modulators, r f

stwrtei i , elecArori ^njettors awj detailed vt.ror.tur?
design l ies outside the scope of this paper. ;
decision to use a linac would be dominated by eco-
nomics and compatibi l i ty with industr ial manufacturing
practices. The accelerator physics problems at high
current such as higher order mode exc i ta t ion, bear
break-up, f i e l d gradient l imi ts and beam emittance
parameters are secondary considerations.
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LINAC TYPES

Several decades of design evolution of the mere
wave linear accelerator for high energy application
makes i t a strong candidate for the core of 3
industrial i r radiator. Travelling wave accelerator
have reached a mature state of development and in t*
past have been favoured for pulsed electron machines
Haimson7 has designed and constructed a 10 kw, 10 Mey
machine which has demonstrated beam loading of 37.5
with two-thirds of the 1.1 A beam parsing throuc
analyzing s l i t s with AE/E of 3%. This machine ha
been running at Riso, Denmark, since 1975 and is use
for product irradiat ion (40%) and pulse radiolysi
experiments (60?).

Short-pulse, standing wave linacs such as thos
used for medical therapy are unsuitable for industria
i r radiators. As they must operate in stored energ
mode, they are inef f ic ient as converters of mains t
electron beam power. Any increase in the beam loadi"
w i l l result in a drop of the end point energy.

F IR . 6 COMPONENT EFFICIENCIES FOR LINAC IRRADIATOR.

ELECTRON TEST ACCELERATOR, 1985

fXtcraoN souHcesFOR
£NT ACCfrl-cftATOH AND IRRADIATION EXPERIMENTS j
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(HTTIWf MfCROTMOII
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ACCELERATOR DEVELOPMENT
BEAM LINE

F i r , . 7 GENERAL LAY-OUT OF THE ELECTRON TEST ACCELERATOR AT CHALK RIVER.



Compensation for this effect is so far jn]y been
demonstrated in the continuous wave (cwl type of
machine. At CRNL we have heen experimenting with cw
linac structures for almost 20 years and have suc-
ceeded in developing side-coupled, on-axis coupled and
coaxial coupled structures which are stable up to
gradients of 2 MeV An. Numerical methods to optimize
cavity geometry, analyze thermal stresses and design
cooling systems for minimum ther-nal detuning of the
structures3 have been complemented with similar-
approaches to studies of the beam cavity interaction,
higher order mode excitation awi beam blow-up phe-
nomena. These computer studies havs been supported by
a program of beam experiments using the Electron Test
Accelerator (ETA)3 as a test bed for beam loading work
and as a prototype irradiator (Fig. 7).

Recently a aesign group at CRNLL0 has studied the
technical viability of building a cw linac that can
produce 500 kW of beam power at 10 MeV. The design
has a frequency of 2.45 GHz, gradient of 2 KeV/m, beam
loading of 63% and a consequent overall efficiency of
30% for 50 nA operation.

The cw linac with its relatively low gradient tends
to be long (• 5-10 m) and somewhat combersome. Any
attempt to reduce the length for a given energy
results in higher beam power for a constant beam
loading. A compromise is the long Pulsed Electron
Linear Accelerator (PELA) which provides beam loading

compensation at duty factors less than 100%. 'Ohm's
Law1 for linacs is P = E2-D/[(ZT2)-L] where P is the

structure dissipated power, E is the energy gain, .'
the duty factor, (ZT i the shunt imperiance and L the
length. Considering arbitrarily two conditions of t-v
CRNL study, E = 10 MeV and loading of 52%, Fig T

shows how duty factor effects the average power

levels. The arrows are drawn at 15 k'/J/m which is -Jni
level where web cooling is lecessary. The curve 'or 5
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structure length of 2.5 m is a special case as this
can be driven from a single source of around 2.0 MW
peak eliminating multi-tank control systems that
require resonance control at a fixed frequency and
phase control loons. Frequency shifts can be easily
compensated using a voltage controlled oscillator thus
eliminating the need for tuners. These 'pseudo-cw'
conditions have two main advantages, namely elimi-
nation of the modulator of a pulsed linac by using the
nodulated anode of the klystron (see Fig. 5) and the
use of precise 'cw linac' control of the accelerating
fields. As all configurations of Fig. 9 are heavily
beam loaded there is no advantage to be gained with
more complicated recirculation schemes which carry
with then the hazards of regenerative beam blow-up.

Even newer linac concepts have been conceived
specifically for industrial applications. Russian
scientists have recently patented11 an industrial
version (1.5 >teV) of a self-excited linac and a French
Sroup has been working for the past five years on a
similar design of higher energy (10 MeV). The Russian
machine is used extensively for vulcanization of
rubber. The French machine is in an advanced stage of
construction and one is scheduled to begin irradiating
"lechanically separated poultry meat in July 1985 in
Paris.

These self excited linacs eliminate, many bear
control devices but the induction linac makes ar
even mre direct contrast with the traditional hig1-
energy gradient, low current research accelerator.
Recent work with the experimental tsst accelerator at
Livermore has demonstrated 5 MeV, 10 kA at 1 kHz oper-
ation. Power levels up to 1 MM have been accomplishes
and with the development of new magnetic switches
allowing burst rates of 15 kHz, enormous radiation
fields are possible.

RADIATION APPLICATIONS

There are many excellent reviews of radiation
processing in the literature11* and only those appli-
cations that might benefit from recent linac develop-
ments will be mentioned here. Applications where high
value products are involved will continue to be domi-
nated by 6 Co irradiators. However, the penetration
of the radiation from linacs as well as their large
unit power may expose new opportunities. These oppor-
tunities are enhanced by impending government bans on
ethylene oxide as a disinfectant and ethylene
dibromide as a fumigant. Even though the Codex
Alimentarius recommendations for food have been
accepted by 30 countries and commercial scale ganma
activities are already under way in several countries,
the application of linacs has, so tar, been limited as
shown in Table 2.

TABLE 2

COUNTRY

CHINA

rr.wjnnD

cor,.

I W R

ME,,rn

MALiVSIA

ME'HERLWS

pn L S Nn

•ISA

*ee«l»r»tors for

LOCATIOM

Beijing Radiation Centre

Escuela Pnlitecnica

Naci nnal, Oui to

HRfTANNV

<arlsru*e

Hamburg
'Anton Hnnrn'

Leipziq

Sorcy NRC,
YAVMF

Institute of °hysics
MNAM, Mexico r.U>

PUSPATI, Selangor

[TAL, Waqeninqen

Technical University Lodz

LLNL, Livermore, CAa

Odessa °or^ -lpvator
"nil, Odessa

•I'"'-"™, "iriu'^of-oscnwl

Food trr»((1«t1on, F«fcru«ry 1 W S

TYPE

LINAC
'b MeV)

LI W C
'*> MeV, ? ±W> "S5R

'CA^SI iHtW (C(!(t)
On Mev, in kul

d.c. " ' ,
LINAr (Varianl
fin M ev ( s kUl

?nn kv, in ku

LINAC

[CT, l.S Mev

75 kW

Hynamitron
3 MeV, 75 HM

Japanese ICT.

Van de Sraaff

LINAC (Sovietl

Induction Linac

T W O FL-I-'
1.4 MPv, '0 kU

APPLICATION
OESCRIPTIOM

Experimental,
Demonstration

Pilot Plant

Denoostration,

Multipurpose

Commercial, *ro*en

Hemonstratinn

Multipurpose

demonstration

Multipurpose

Food, multipurpose

Pilot Plant,
Poultry feed

Experimental Maize
Disinfestation

Multipurpose
Pilot scale

Experimental

Multipurpose

Experimental,
demonstration

"irain Hisin-

^estation

Commercial 70fl t/h

Mijl ̂i onrnnsp

STATUS

Operating

being distant'ed

Expected 1936

Exppctefi 'ijly,

Program T e r , i n a t , n a

Pro^a^ly iut of JSP

Planning

Oper*at i nq

Program Terminating

PIanni O Q

Program Terminating

Completed IW

Operating ;o«5

io«n

'eing ,„„,«!,-

1. cgrkrist F [ T ,
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The increased penetration of linac based radiation
is unlikely to change the rate of arowth of appli-
cations relating to the environment mainly because
of the economics of competing processes. However,
waste water treatment (with ozone enhancement), sludge
disinfection for reuse, international airport waste
disinfection and simultaneous removal of SQZ and NOX
from fossil fuel power plants, could all benefit from
the high unit power of the linac. Economic consider-
ations are important in i*iany of these applications,
applying direct pressure to keep capital and operating
costs at a minimum.

The applications mentioned above continue to be
studied and although many «re not yet commercial it is
likely that linear accelerators will be increasingly
adopted as the preferred source. However the greatest
opportunities for the machines discussed in previous
section undoubtedly lie in activities still in the
laboratory stage. Two countries, Russia and Japan,
have been increasingly aware of this potential and
have substantial national programs in applied research
in this area. In the United States applied work has
been left to initiatives in the private sector
although in the past few years the Department of
Energy has supplied substantial funding for pilot
plant work in environments} applications and more
recently for food irradiation studies. A few months
ago AECL formalized its research interests in this
area with the creation of a new Applied Applications
Research Branch at the Whiteshell Nuclear Research
Establishment.
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An example of the type of work to be investigated
is shown schematically in Fig. 9. A cellulose mole-
cule is a polymer of glucose rings which can extend
over several hundred nanometers. A promising appli-
cation for a high power radiation source is likely to
be found in non-selective degradation of materials,
thus competing with thermo-mechanical processes, such
as explosive steam decompression of cellulosic
materials and sterilization with steam. Enzymatic
saccharific^tion of lignocellulosics, pretreated wit*1
electron beam irradiation, has been studied by
Kumakura and Kaetsu1 and increased saccharification
of 10 to 15% in newsprint was obtained. Figure 10
shows results of a recent experiment with spruce wood
chips irradiated in the 4 MeV electron beam at Chalk
River and subsequent enzyme hydrolysis carried out by
A.W. Khan at National Research Council, Ottawa. The
sugars released were .itimated both by calorimetry
and, as indicated in the insert of the figure, by
liquid chromatography. In spruce wood 46% is cellu-
lose and the figure shows complete conversion to
sugars is achieved at 2 MGy, with the most valuable
sugar (glucose) comprising 77% of the total.

This last example serves to illustrate the bene-
ficial use that could be made of waste products. Pro-
duction of new chemicals and detoxification of by-
products from the chemical industry have not been
studied in detail although radiolytic destruction of
PCB's has been demonstrated , Already radiation can
compete favourably with stearn processes in the food
industry and it could provide energy savings in many
traditional thermal processes. The modern linac with
its potential for high unit power of penetrating radi-
ation provides applied radiation chemists with many
exciting opportunities for the commercial processing
of bulk materials.
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ABSTRACT

The dominant fission gas release mechanisms in
IK>2 fuel during a high temperature accident
transient nay not be different from those during
normal steady-state operation. Rather, it is the
kinetics of these release mechanisms which nay be
different during the accident transient, primarily
as a result of conditions which are
accident-scenario specific. At Ontario Hydro, a
simple but phenomenological transient release
model was developed on this basis. It considers
diffusion and grain growth as the dominant
transient release mechanisms. The effects on the
release kinetics of on-power and off-power
conditions, as well as heatup in steam and Inert
atmospheres are accounted for. Comparisons of the
model predictions to test data Indicate good
agreement. In this paper, we present a brief
description of the model, and compare its
predictions to experiments. The implications of
the model on the current understanding of
transient fission gas release behaviour are also
discussed.

INTRODUCTION

The release of fission gas fro* UO2 has been
studied extensively in various laboratories around
the world. Originally, interest was centered on
fuel performance during normal reactor operation,
in order to ensure that the fuel elements were not
over-pressurized causing sheath ballooning and
failure during normal operation. In the mid 70's,
the emphasis began to shift towards release
behaviour during high temperature accident
transients. Since then, release experiments at
temperatures up to UO2 melting have been
performed (References 1, 2, 3 and 4).

Various steady-state release models were
developed and successfully simulated the fuel
behaviour during normal operating conditions.
However, when the steady state models are usod to
simulate the transient release experiments, they
cannot fully explain the test results. A number
of transient release models have since been
proposed to interpret the test data. As evident
from the different approaches used, there is still
considerable discussion regarding the
contributions of individual release mechanisms to
the overall release. For example, Matthews and
Hood (Reference 5) postulated that the migration
of fission gas from the grain to the grain
boundary is via thermal diffusion of bubbles in a
temperature gradient. Rest (Reference 2)
postulated that the dlffusivltles of fission gas
bubbles are substantially enhanced during a
heat-up transient because of thermal
non-equilibrium effects. Haclnnes and Brearley
(Reference 6), on the other hand, proposed a

release mechanism based on stationary bubbles and
the migration of fission gas via single atom
diffusion.

The absence of a consensus is probably due to
the wide range of experimental conditions used in
the various experiments, which, in turn, is
dictated by the large number of postulated
accident scenarios. For example, there are the
on-power accident scenarios in which radiation can
play a role In the release behaviour. There are
also the accident scenarios in which fuel failure
occurs and the UO2 Is heated up in steam
environment. Models to date have not completely
accounted for all of these specific conditions.

At Ontario Hydro, a simple but phenomenological
release model for volatile fission products was
developed for use in reactor safety assessment.
The model is based on the interpretation of
experimental and analytical data. The dominant
release mechanisms during accident transients are
considered to be the same as those during
steady-atate operation. Effects of
scenario-specific conditions, such as heatup in
steam or inert atmosphere, as well as on-power and
off-power conditions are accounted for in the
release kinetics. The transient release model is
described In this paper. together with a
comparison of its predictions to the results of
the Direct Electrical Heating Tests (DEH) at
Argonne National Laboratory (Reference 2). and the
Induction Heating Tests at Oak Ridge National
Laboratory (Reference 1).

ACTIVITY RELEASE MECHANISMS

During normal reactor operation, fission gases
reside in open cavities (free inventory), closed
cavities of the fuel matrix (grain-boundary
Inventory) and fuel grains (grain inventory).
Under transient conditions, each of the three
components of the inventory will be released from
the fuel element In a manner distinct from the
other two components. For example, the free
Inventory can be released readily when the sheath
fails. The grain and grain-boundary Inventory, on
the other hand, require additional driving forces
such as a temperature excursion, in order for them
to contribute to the overall release. The major
effort In transient release modelling Is to
predict the release of grain-boundary and grain
Inventory to the open void.

Figure 1 summarizes the physical processes
considered for the release of fission gas from the
UO2 matrix during a transient. For the grain
inventory to be released, the fission products
must first be transported to the grain boundary.
Two transport mechanisms are responsible:
diffusion via concentration gradient, and
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sweeping/collecting of the fission products by the
movement of grain boundary as the grain Increases
in size. Both of these mechanisms have long been
recognized to be the major release mechanisms
during normal operating conditions, and have been
modelled in the Canadian steady-state fuel
performance code ELb'SXM (Reference 7).
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FISUHE 1 TRANSIENT FISSION GAS REUEASE MECHANISMS

As Che fission gases arrive on Che grain
boundary, they precipitate to form gas bubbles.
With time, the density of bubbles increases Co a
saturation point and bubble interlinkages occur.
Thereafter, any fission gases arriving on the
boundary are vented to the grain edge tunnels, and
are available for release in subsequent
temperature excursion.

There are two additional release mechanisms
during a severe temperature transient as indicated
in Figure 1. At temperatures exceeding about
1400°C. UO2 can be reduced by the Zlrcaloy
sheath to become a low-melting point uranium
alloy. Any alloyed fuel volume. upon
liquefaction, can rapidly release all of its grain
and grain-boundary Inventory. The extent of
alloying is dependent on the Zlrcaloy sheath/UX>2
volumetric ratio, the Zlrcaloy oxidation rate, the
extent of tK^/Zircaloy contact and the transient
temperature (Reference 8).

The other mechanism involves the separation of
grain boundaries. This process not only opens up
a pathway for releasing directly any fission gases
which reach the boundaries after the separation,
but it also allows the grain-boundary Inventory to
escape the UO2 matrix as well. Grain boundary
separations occur during heatup. If the heatup
rate Is high and there is a large temperature
gradient in the pellet. Both of these conditions
will lead to excessive stress on the grain
boundaries, which Is the driving force for the
separations. Boundary separations may also occur
during cool-down, due to thermal shock as the fuel
at a high temperature Is quenched rapidly, or due
to ix>2 restructuring after interacting with the
Zlrcaloy sheath.

For the majority of the postulated CANOU
accident scenarios, alloying and grain boundary
separation are not the dominant release

mechanisms. Alloying tends to be a small
contributor due to ths low Zlrcaloy sheath/lX>2
ratio In CANDU fuel elements (Reference B). The
extent of grain boundary separation tends to be
limited due to the absence of extreme temperature
ramp and temperature gradient. The discussion in
this paper therefore concentrates on the
dlffuslonal and grain boundary sweeping releases.

MODELLING

A fuel element Is represented In the model by a
number of annul1. Each UO2 annulus is
characterized by its grain size and by its fission
product inventory in the grain and on the grain
boundary at the start of the transient. Such data
are obtained fron normal-operation fuel codes such
as BLESIM. Transient releases (diffusional and
grain boundary sweeping) are then calculated for
each annulus based on Input temperature transients.

Dlffuslonal Release

The diffusion of fission gas from the grain to
the grain boundary Is assessed using a quasi
steady-state approach. The Booth's formulation
(Reference 9) is adopted, using an effective
diffusion coefficient and setting the production
term to zero. The fractional release f is
obtained as:

c Vl 3
f-6(-r) - - r if c < 1 (1)

f > 1 --j exp l-c) if 0 > 1 (2)

where

c = ir2Dt/a2

t = time (s)

a - grain radius (cm)

D • effective diffusion coefficient (cm2/s)

The effective diffusion coefficient Is highly
sensitive to whether the (X>2 fuel is under
on-power or off-power conditions. Under on-power
conditions, radiation facilitates the release of
fission gas atoms which are trapped in
radiation-damaged sites. It also keeps the
diffusing species in the form of single gas atoms
or small gas bubbles. In contrast, undec
off-power conditions in which high radiation
fields are absent, diffusion to the grain boundary
occurs via large gas bubbles, the mobility of
which is primarily determined by the size of the
bubbles. The larger the bubble, the smaller its
mobility. Thus, it is expected that the effective
diffusion coefficient is higher under on-power
conditions.

Figure 2 compares the on-power and off-power
diffusion coefficients. The diffusion coefficient
defined for steady-state operating condition is
directly applicable as the on-power diffusion
coefficient. The off-power diffusion coefficient
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is obtained from a semi-empirical correlation
which relates bubble diffusivity with bubble
diameter (Reference 2). In order to employ such a
correlation however, the size and distribution of
intragranular gas bubbles must first be defined.
The size distribution will be constantly changing
during the transient since migrating bubbles tend
to collide to form larger bubbles. Rather than
following the bubble history, a simplifying
assumption is made in the model that all the
bubbles are uniform in size with a limiting
diameter of about 0.5 nm, which corresponds to
about one atom diameter. This assumption will
lead to an overprediction of the off-power
diffusion coefficient, and hence, an
overprediction of the release. However, as shown
in Figure 2. even with this conservative
assumption, the resulting off-power diffusion
coefficient is at least an order of magnitude
lower than the on-power coefficient.

2300 2100 1900 1700
T(°C)

1500 1300

FIGURE 2: COMPARISON OF DIFFUSION

COEFFICIENTS

Grain Growth

The growth of the 002 grain can occur by two
processes. Equiaxed grain growth occurs due to
the net movement of atoms from the convex to the
concave side of a curved grain boundary, the
driving force being the reduction of the grain
boundary surface energy. The result of this mass
transfer is that large grains with concave
surfaces grow in size at the expense of smaller
grains with convex surfaces. Columnar grain
growth, on the other hand, is initiated by the
movement of bubbles on Che grain boundary via
surface diffusion or vapour phase transport, with
the temperature gradient being the driving force.
Both processes are highly temperature dependent;
however, equiaxed grain growth dominates unless
the UO2 temperature is high (greater than about
2400°K) and a large temperature gradient exists
in the U02.

A quasi-steady state approach is used to assess
the grain growth in the present model. The
f emulation is similar to that used in the
steady-state code EU5S1M (Reference 7). Equiaxed
grain growth is assumed to control the boundary
movement in both the axial and circumferential
directions relative to the axis of the fuel
elements. This is because any temperature
gradient in these directions tend to be small
under most conditions. Columnar grain growth is
assumed to control the boundary movement in the
radial direction, unless the temperature and/or
temperature gradient Is so low that equiaxed grain
growth dominates in this direction as well.

The rate for columnar grain growth Is approximated
by taking a logarithmic average between the rate
for surface diffusion and vapour phase transport.
For equiaxed grain growth, separate rate equations
are employed in the model to differentiate heatup
in steam and in inert (i.e. non-oxidizing)
atmospheres. The inert atmosphere is
representative of conditions prior to sheath
failure. The grain growth kinetics used is based
on in-reactor and laboratory measurements of grain
size in uo2 samples (Reference 10). The rate of
grain growth is described as:

XPI-2^)

where

0 = final grain diameter tyun)

D o - Initial grain diameter (j«m)

T * temperature (°K)

At « tine interval (s)

In the presence of steam, the rate of grain
growth was observed to be faster than that in
inert atmosphere. For example. Belle
(Reference 11) reported that the resultant grain
size obtained by heating 002 at 1700°C in
inert atmosphere Is the same as that obtained by
heating in stean at 1400°C for identical heating
period. This enhancement is due to the presence
of excess oxygen, which Increases the diffusion
coefficient of Ions in the UO2 matrix. A number
of experiments were performed in assessing the
activation energy of grain growth in
hyperstoichlometrlc UO2. The measured
activation energies are apparently a function of
the excess oxygen content, and the lowest value
reported is about 20 kcal/mole (Reference 12).
The grain growth kinetics in steam was derived
based on Belle's data, assuming the lowest
activation energy of 20 kcal/mole. This Is
represented by:

(4)

forT<;i800°C

0™ - D 0
M -2.22X 10s AtBxp(-2H|92>

forT> 1800°C (51

Figure 3 compares the equiaxed grain growth rate
In inert and in steam atmospheres. As shown in
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the figure, the enhencement in the grain growth
rate in steam is significant only at temperatures
below about 1800°C. At higher temperatures, the
grain growth rate in steam approaches that in the
inert condition. This behaviour is consistent
with the iX>2 phase diagram. The equilibrium
value of oxygen concentration in UO2+X decreases
with increasing temperatures (Reference 13).
Thus, the influence of excess oxygen ions in the
grain growth kinetics also diminishes with
increasing temperatures. It should be noted that
columnar grain growth may become significant only
at the higher temperature range; thus it is
unaffected by the heating environment.

10'
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PIGURE3: GRAIN GROWTH KINETICS
USED IN THE MODEL

Assuming that all the fission gas in the swept
volume is picked up by the boundaries, the amount
of fission gases collected on the grain boundaries
due co grain growth can be evaluated. The grains
are assumed to be spherical in shape if equlaxed
grain growth dominates, or cylindrical in shape If
columnar grain growth is important. The fractions
of grain inventory collected on the boundaries are
calculated as:

F - 1.0-
! (Lo + &U (6)

where

0 0 * Initial grain diameter (̂ a)

AD * Increase in grain size due to equlaxed grain
growth fyira)

LQ - Initial grain length (.pm)

&L * Increase in grain length due to columnar
grain grown (fxm)

and

if iL < AD |7)

Release from Grain Boundary to Void

The fission products collected on the grain
boundary during the transients continue to build
up until a "saturation" level is reached and
lntergranular interlinkages occur. Thereafter,
any fission products arriving are released out of
the l»2 matrix following a temperature
excursion. In the model, a simplifying assumption
is made that all the grain-boundaries are
saturated at the start of the transient. Thus.
any fission gases arriving on the boundaries are
Immediately released. This assumption is
generally good for very high burnup fuel, which
already has a large fission product Inventory on
the grain boundary at the start of the transient.
However, for low burnup fuel, this assumption
leads to a prediction of earlier transient
release. Moreover, it leads to the
overpredlctions of the cumulative release, as some
of the incoming fission gases, which would in
reality be retained on the grain boundary to
maintain the saturation state. are assumed
released in the model.

COMPARISON TO EXPERIMENT

The model was used to simulate a number of
ORNL's Induction Heating Tests, and AHL's Direct
Electrical Heating Tests. These are tests
performed on Light Water Reactor (LUR) fuel, which
are generally of higher burnup and smaller grain
size than typical CANDU fuel. The conditions of
these two test series are very different. The
ORNL tests were performed in a flowing steam
atmosphere. The fuel segments were subjected to
temperature transients which consisted of a slow
ramp (about 1.5 to 2°C/sh followed by a hold at
the target temperature. Moreover, because of the
Induction heating method, the radial temperature
profile in the pellet Is expected to be relatively
flat. On the other hand, the ANL tests were
performed In an inert atmosphere. The temperature
transients consisted of a relatively fast ramp (5
to 300° c/s). Also, relatively large
temperature gradients in the radial direction
developed in the fuel pellets. In a number of the
DEH tests, the fuel centreline, which was the
hottest region, reached the melting temperature.
Thus, the two test series provide a vigorous
assessment of the model, particularly with respect
to the effect of the heating environment
(steam/Inert) on the release characteristics.

Figure 4 compares the measured release
transient to the model prediction for the ORNL
HI-2 test. In this test, ample supply of steam
was available to the IK>2- The fuel was held at
1700°C for about 20 minutes. As indicated, the
shapes of the measured and predicted release
curves are very similar. The model predicts che
time-dependent behaviour of the release reasonably
well. However, the Integrated release is
overpredicted. This is probably due to the
modelling assumption that all the grain boundaries
are saturated at the start of the transient. It
may also be caused by the non-uniformity effect.
as the portion of the fuel pellet which is in
contact with the cladding may not have full access
to steam during the test. (The prediction, on the
other hand, is calculated assuming uniform
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behavior in the sample.)

The grain size at the end of the transient is
predicted at 4.1 ̂ m. This is in good agreement to
the measured grain size of 3.9 ̂ m (Reference 1).
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FIGURE 4: COMPARISON OF ORNL HI-2 TEST RESULTS TO
MODEL PREDICTION

figure 5 shows the model predictions of the
cumulative fission gas release for eight DEH
tests. The diagonal line Indicates perfect
agreement between model and experiments. In
general, the predictions are In good agreement
with the measured values. The agreement is better
than that shown earlier for the ORNL HI-2 test.
This is because in the D6H tests, a large extent
of grain boundary separation occurs due to the
large radial temperature gradient and the fast
heat up rate (Reference 4). The extensive grain
boundary separation Is better approximated by the
assumption made In the model that all the grain
boundaries are saturated at the start of the
transient.

o 10 20 30 40 so
Measured release (% of inventory I

FIGURE 5: COMPARISON OF CALCULATED VERSUS
MEASURED RELEASES FOR ANL DIRECT

ELECTRICAL HEATING TESTS

The deviations between measured and predicted
values may be caused by the uncertainties in the
temperature profile. As an assessment of the
sensitivity to the temperature, the releases were
recalculated with £10% temperature uncertainties.
The results ate included In Figure 5. As
indicated, the releases are very sensitive to the
fuel temperature; the J\10% uncertainty range
covers the deviations between the measurements and
predictions.

Table 1 summarizes the diffusional and grain
growth components of the release for the eight DEH
tests. As Indicated, both grain growth and
diffusion are responsible for the transient
release in the DEH tests. It is worth noting that
the relatively high releases in these tests were
mainly from the hot pellet centre region. The
periphery region has retained most of its fission
gas inventory, with negligible change in the grain
size predicted.

TABLE!
SUMMARY OF MODEL PREDICTIONS VERSUS MEASUREMENTS IN ANL-DEH TESTS

i '

T«it

1 DEH-24

D6H-27

DEH-32

OEH-33

OEH-41

> DEH-42

D6H-43

• DEH-44

"Past UO,

Avarag*
HMting

Rau
(•K.'sl

26

30

2t

22

84

53

155

101

Maximum
Centreline

TemD
l"K)

2 970

3 120

2 860

*

2 900

*

•

melting temp

Duration
Is)

52

54

SO

100

35.5

25.8

22.8

22.2

Measured
Xe

please
l%l

12

33

16.1

40

21

2.2

17.2

9.7

Calculated Release

Diffu-
s.onal

3.9

6.3

4.3

8.1

5.8

0.5

4.7

4.6

Grain
Grown

10.8

19.0

10.8

25.6

16.2

0.6

13.3

12.9

Toiai

147

25 3

1 5 '

33 7

22.0

1 1

1B.0

17.5

IMPLICATIONS

Table 2 illustrates the effects of grain size
and atmosphere on releases under off-power
conditions. Three initial grain sizes were
considered: 2.8 ftm. 7.5 /un and 25 jjjn- The
releases were calculated assuming a transient
consisting of a ramp from 300°C to 1700°C at
1.5°C/s. a hold of 20 minutes at 1700°C.
followed by a cool-down at about l°C/s

TABLE 2
SAMPLE TRANSIENT RELEASE PREDICTIONS"

FOR OFF-POWER SCENARIOS

• Assumed Atmosphere

Initial grain size <yml

Diffusional release (%)

Grain boundary
sweeping release 1%)

Final grain size (ism)

2.80

6

66

4.10

Steim

7.50 :

4

14

7.89

25.0

1.2

0.6

25.05

2.30

9

37

3.30

Inert

7.50

4

5

7.63

25.0

1.2

0.2

25.02

'Transient consists of a temperature ramp at 1 .SaC/s to hold temperature
of 1700 C, followed by a coo/down at about 1*C/s.
Hold time is 20 minutes.
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For identical transient conditions. Table 2
shows that a larger starting grain size results in
a smaller release of fission products. For
example, with an initial grain size of 2.8 //m. the
fission gas release amounts to 72% of the
inventory, for heatup In steam. With an initial
grain size of 25 /«ti however, the release amounts
to only 1.8*.

Table 2 also indicates that the relative
importance of the release mechanisms are also
influenced by the grain size. However, for fuel
with small grains, the release cones predominantly
from grain growth and grain boundary sweeping.
For fuel with larger grains, the diffusional
release component becomes more significant. For
example, with an Initial grain size of 2.8 \m and
heatup in steam, the grain growth component of the
release Is about 92% of the total. In contrast,
with an initial grain size of 25 fin. the grain
growth component is reduced to about 30%.

The effect of steam environment is also
highlighted in Table 2. In general. In the
temperature range of 1800°C and below, heat-up
in steam results in a higher release of fission
gas than heat up in Inert atmosphere. This is due
to the enhanced rate of grain growth in steam in
that temperature regime.

CONCLUDING REMARKS

Both diffusion and grain growth are responsible
for the release of fission gas during accident
transients. In off-power accidents, however,
diffusion is less effective than grain growth in
releasing fission gas. This is because the gas
diffuses in the form of large bubbles, the
mobility of which Is at least an order of
magnitude lower than that under on-power
conditions. Conversely, diffusion is expected to
be dominant over grain growth In the release of
fission gas in on-power scenarios.

Because of the significance of grain growth in
off-power transients, the release is very
sensitive to the grain size at the start of the
transient. Since the grain sizes are generally
different between CANDU and LVR fuel. It follows
that the measured release data for LWR fuel cannot
be directly applied to CANDU fuel.

Steam has the effect of Increasing the grain
growth rate at temperatures up to about 1800°C.
Thus, for transients in this temperature range,
steam environment will result in an enhancement In
the release.

In general, off-power and inert (I.e.,
non-oxidizing) atmosphere are the transient
conditions which yield the smallest release. In
contrast, on-power and steam conditions will lead
to a substantially larger transient release.
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ABSTRACT

We have carried out three ln-reactor tests to
determine the behaviour of short-lived fission
products (Xe.Kr.I) under accident conditions.
Oxidizing conditions enhanced release by a factor
of about 4.5 During fuel dryout, there was some
release during the heat-up stage, but most occurred on
rewet, consistent with transport in cracked fuel. In
contrast, maximum release fas observed during the
rapid heat-up stage (less tlwn 30 s) In blowdown
tests, possibly associated with Increased diffusion,
grain boundary sweeping and alcrocracklng. Despite
the significant temperature transients (fuel central
temperature increasing from 1700'C to 2300*C In dryout
and blowdown), Integrated releases were only 0.1 - 12
of total fuel inventory. So Iodines were observed at
the spectrometer or on piping downstream of the fuel
teat section.

INTRODUCTION

Current fue l s t u d i e s are focus ing on the behaviour
of short-lived fission products under reactor accident
conditions. Determination of the equilibrium fuel-to-
sheath gap inventory of short-lived fission products
released under a variety of accident transient condi-
tions provides data for model development or
verification.

Considerable data are available on the behaviour of
stable fission products, particularly gases, In Irra-
diated oxide fuel; see, for example, Matzke's review
(1). However, there Is a current need for studies
on the release of short-lived fission product* under a
variety of operating conditions.

In-reactor studies of the behaviour of short-lived
fission products under noraal operating conditions
have been carried out for at least 25 years. Early
experiments utilized small samples, In-reactor furnace
heating and ga* collection system. Carroll (2),
Carroll et al. (3), Carroll and Slsnan (4) and Hclehan
and Rough (5) examined release from about 250-1300*C.
Further work by Jackson et al. (6), Soulhler (7) and
Chenebault and Halrlon (8) Increased the temperature
range to 2000*C. More recently, work has been carried
out In the U.K. on active species swept from small,
isothermally-heated U02 samples (9,10) and on self-
h«»t«4 TO^ *Yem«its i\\ ,tt) • \S»«1M1 4at* «* the
diffusion behaviour of krypton, xenon and Iodine have
been accumulated. French work on operating fuel
elements with temperatures up to 2000*C Is also
pertinent (13-16), as are Haldcn data on a swept UO2
element with a linear power range of 25-30 kW/m (17).

Chalk River studies on behaviour of short-lived
fission products under a wide range of normal
operating conditions have recently been reviewed (18).
Under steady operating conditions we confirmed:

- Release is diffusion controlled ( T 0 - 5 ) , from
fuel centre.

- "Available" Inventory depends on contributions from
steady power and noraal transient (startup,
shutdown) operation.

- "Available" 1-131 inventory Is power dependent, up
to 140 GBq (4 Ci) at about 60 kW/m (<0.5Z of total
fuel Inventory)

- Kryptons, xenons and iodines diffused similarly.

Data on transient release are less common. Some
initial work was carried out at CRM. (19). However,
transient and accident fission product releases have
usually been studied by out-reactor simulated
transients on irradiated UO2 fuel (for example,
(20-22), as well as simulated and in-reactor work on
mixed-oxide LMFBR fuel (for example, (23-25). We have
reported preliminary transient release results from
UO2 fuel under dryout conditions (18,26).

In this paper, we review recent Chalk River
in-reactor experiments which study the behaviour of
short-lived fission products under conditions of:

(1) fuel oxidation,
(11) fuel dryout, £nd

(Hi) loop blowdown

EXPERIMENTAL

Because the primary t e s t o b j e c t i v e s were d e v e l o p -
ment and v e r i f i c a t i o n of our performance models , fuel
des ign parameters were chosen for experimental conven-
ience and were not t y p i c a l of CANDU f u e l . The t e s t s
were performed using s i n g l e fu«l elements instrumented
to measure fue l and sheath temperatures . Fuel element
d e t a i l s and major t e s t parameters are presented in
Table 1. In a l l t e s t s , release of short-lived fission
products accompanying the transient were measured
using a "sweep gas" technique (27) .
Sweep Gas Technique

Examination of »noTt-li-»«d
iour ln-reactor has depended on using a carrier gas to
transport the active species from the oxide fuel to a
collection or measuring point. Figure 1 is a schema-
tic diagram of the sweep gas system used at Chalk
River. During operation, bottled He-2Z H2 Is Intro-

"Member, CNS



TAELE 1 : FUEL, SHEA1H AM) OPEBATDE CHMMCIERISTICS

OF CHALK RIVER ACCIDENT TESTS

Characteristic

Fuel
Enrichment

(we* U-235 in U)
Density (Mg/m3)
Grain Size dim)
Pel let Diameter

Fuel Stack Length

Sheath

Wall Thickness
(urn)

MK Test Loop
Coolant

Coolant Pressure

Coolant Flow
(kg/s)

Inlet Temperature

Cc)
Linear Power

(kM/m, range)
Burnup (MJ.h/kg U)
Test Conditions

Fuel
Tjanperature
(°C, a x . )

FIO-133
(Di.70ut)

UO
1.38

10.64
10

18.06

378

304L
Stainless

Steel
0.81

X-4
Pressurized
Water, Fog

8.5

0.24

260-275

55-60

50
Normal and

Dryout
1760

FIO-134
(Oxidizing)

UO
5.9

10.64
10

11.71

477

304L
Stainless

Steel
0.63

X-4
Pressurized

Water
8.5

0.24

260

60-62

220
formal and
Ox&ilzing

2100

FIO-138
(Blowdoun)

UO
1.38

10.69
10

18.06

477

304L
Stainless

Steel
0.80

X-2
Pressurized

Water
9.6

0.9

275-290

60

50
ttomal and

BlOKdOHl

2300

second; transit time for element to spectrometer Is
about 2} - L0 minutes. Isotoplc data recorded at the
spectrometer are converted to concentrations and
releases. After passing the spectrometer, the carrier
gas and fission products pass through parallel iodine
traps into delay tanks. A gamma monitor scans the
stream from the delay tanks; high counts shut off the
gas flow. Delay time is typically 10 days, sufficient
to reduce contributions from short-lived kryptons and
xenons to less than IZ of the local administrative
level . Full detai ls of the system are given elsewhere
(27).

A computer program, SUMRT, is used to extract data
from the processed spectrometer tapes and calculate
the concentration (Bq/m-') and release rate of
specific Isotopes. Inputs are the isotope name, gamma
ray energy and abundance. Concentrations are calcula-
ted directly from the measured counts, the known spec-
trometer and colllmator geometry and the gas flow
rate. Since the system is a once-through design, the
release rate, atoms per second, can be calculated by
correcting for the decay which occurs from the time
the gas leaves the fuel element until i t reaches the
spectrometer. SUMRT makes this correction and
tabulates and plots the results .

Release, R, from the fuel to the fuel-to-sheath gap
for the short-lived xenons and kryptons, was generally
averaged over at least three 24 hour periods of
steady-state operation, and corrected for time of
fl ight in the sweep system, recoil and precursor
effects . Loss due to neutron capture was accounted
for in the release of Xe-135. Full detai ls of
analysis techniques are given elsewhere (27). Table 2
shows the short-lived f ission gases measured during
testing.

TABLE 2 SHORT-LIVED FISSION GASES OBSERVED DURING
SWEEP-GAS TESTS

5AMMA-RAY SPECTROMETERS

i \ I 'L.GAKKA

-C'.H, T Y RJEI ; f]
» ; | ELEMENT--'I

FIGURE 1 SCHEMATIC OF SWEEP GAS SYSTEM.

duced into the fuel element at an operating pressure
of about 3 MPa, after passing through an oxygen
remover and moisture trap. The carrier gas sweeps
gaseous fission products out of the fuel element past
a gamma spectrometer for measurement. Volume flow
rates are typically 3 mL/s. At this rate, residence
time of the sweep gas in the element is about one

KRYPTONS

Kr-85m
Kr-87
Kr-88
Kr-89
Kr-90

XENOHS

Xe-133
Xe-135m
Xe-135
Xe-137
Xe-138
Xe-139

As no iodinea were released to the spectrometer
under normal or transient conditions, we deduced their
behaviour from the decay of 1-133 and 1-135 within the
element to Xe-133 and Xe-135, respectively, by contin-
ued sweeping during reactor shutdown. The shutdown
behaviour waa characterized by a prompt decrease in
release, due to cessation of xenon release, followed
by a decay period characteristic of the appropriate
iodine. At equilibrium, the release rate, Rj, of
iodine atom* equals their losa rate, Rj - QI"I>
where Qi is the total number of iodine atoms in the
gap, and Aj the iodine decay constant. But the
number of iodine a tons disintegrating per second Is
identical with the number of xenon atoms produced.
The xenon decay curve extrapolated back to the time of
shutdown gives a direct measurement of the release
rate of the Iodine precursor and a measure of the
total number of iodine atoms available in the gap
during steady-state (17).
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As we have not regularly observed an 1-131 daughter
(Xe-131m) under shutdown sweep cond i t i ons , our 1-131
data are obtained by extrapolat ing the 1-133 and 1-135
r e s u l t s back to 1-131 on an R/B (re leased/born) versus
\ (decay constant) p l o t .

FIO-134. Oxidizing Sweep

The t e s t operated undar normal condit ions for about
six months, achieving a typica l CANDU burnup of
220 MW.h/kg U at a maximum l inear power of 60 kW/m.
The He-2Z H2 sweep gas was used up to the l a s t
scheduled four days of operat ion , at which time
He-200 ppm HjO was introduced to induce ox id iz ing
condit ions .

FIO-133 Fuel Dryout Sweep

The te s t operated normally for about two months,
during which time the fuel assembly was cooled with
pressurized water. We then Ini t iated three dryout
transients over a one month period. Prior to and
following each dryout t e s t , s table steam-water (fog)
cooling was es tabl i shed . During the t rans i ent s , the
element was cycled Into dryout for times up to about
40 min by control l ing the coolant water flow. Re-wet
was achieved by re-introducing coolant water flow.
During the f inal dryout t e s t , re-wet was accompanied
by a planned reactor t r i p . Table 3 gives d e t a i l s of
the dryout t rans ient s .

TABLE 3 DETAILS OF FIO-133 FUEL DRYOUT TRANSIENTS

TAH.E 4 SLOWDOWN SEQUENCE, FIO-138 SERIES

Establish pre-translent fuel power
I n i t i a t e blovdovn (hydraulic transient)
I n i t i a t e power ramp (opt ional , -1.6Z/mln.)
Reactor tr ip
Rewet at pre-set tes t sect ion pressure
Restore coolant pressure

RESULTS AND DISCUSSION

FIO-134. Oxidizing Sweep

Figure 2 ( 3 0 ) , p lot t ing R/B (gas releaaed/gas born)
versus \, summarizes the data for FIO-134. During the
steady operation segment of the t e s t , to 220 MW.h/kg
U, R/B was proportional to \~""5, as shown by l i n e
A, confirming that di f fus ion was the primary release
mechanism. Under the oxidizing condit ions , the
release fraction and slope changed. The figure shows
R/B versus *- before and during oxidation. During
oxidat ion, the Isotopes with long-l ived iodine precur-
sors , Xe-133, -135 and -135m, f i t a l ine of slope
-0 .59 ( l i n e C), with re lease enhanced by a factor of
about 4.5 over the unoxidlzed s t a t e . In a previous
tes t with a CO/CO2 oxidizing mixture, typical of
Advanced Gas-Cooled Reactor defect condi t ions , release
enhancements of four-forty were reported (12 ) ,
depending on i sotope . The remaining Isotopes , with
short- l ived precursors, f i t a similar l ine ( l i n e B),
enhanced by a factor of about two.

OPERATION

NOC

TRANSIENT

n
#2

"3

T

1700

2000*

2300*

2300*

TEMPER
(S

TP

500

1120

1400

1400

ATURES
C)

T

300

510

700

700

DURATION
(min)

-

20

50

27

T = fuel centre temperature

T = fuel peripheral temperature

Ts= fuel sheath temperature

* calculated.

2 ,.-.-

» STU0T ST*1f

O OXOZMC CMITKMS

FIGURE 2

OECAY CONSTANT \ |S -1I

R/B VERSUS \ FOR NORMAL AND OXIDIZING
CONDITIONS, FIO-134 (30).

FIO-138, Loop Blowdown Sweep

Six low temperature blowdown LOCA transients were
ultimately performed. The high temperature fuel
sheath transients were produced by depressurlzlng the
test section while the reactor was at power, followed
by a reactor trip, to simulate a LOCA condition. Two
tests were prematurely terminated by hydraulic control
failure or premature reactor trip. We completed the
test series with a planned reactor trip. As in
previous LOCA tests (28,29) the amount of fission heat
produced between blowdown initiation and reactor
shutdown controlled the magnitude of temperature rise
in the fuel and sheath. The blowdown sequence is
shown in Table 4.

Oxidation of UO2 Is expected to increase the
release of fission product gases by three mechanisms:
(1) increasing the average fuel temperature thus
increasing the diffusion rate, (.ii) Increasing the
diffusion coefficients, and (ill) causing grain
boundary oxidation, releasing Inventory stored in
grain boundary bubbles. Diffusion-controlled release
results In a \~°*° dependence of release fraction.
If one calculates the steady-state contents of a fixed
Isolated bubble, I.e. located on a grain boundary,
which is supplied by diffusion and whose only loss
mechanism is by radioactive decay, the number of atoms
of a given isotope in the bubble is proportional to
X~1.5, jj,e slope of -0.6 obtained in the present
experiment suggests that the diffusion-controlled
mechanisms dominate and that the contribution from
inventory stored on the grain boundaries, mechanism
(ill), was small.
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That the r e l e a s e f r a c t i o n Increased with ox idat ion
shows that the effective diffusion coefficient of the
noble gases increased, as expected. However, line C
of Figure 6 also shows thar the e f f e c f ' a dlf£usion
coeffient of the precursor iodines has increased even
more. When controlled by d i f fus ion the release
fraction is proportional to the square root of the
diffusion coefficient. For stolchiometric UO2 our
steady-state results (2?) and other tests (10) show
that the diffusion coefficients of iodines and xenons
are similar. From data iu Figure 2, under the
oxidizing conditions of the current experiment, the
effective diffusion coefficient of Iodine has
Increased about a factor of s ix , relative to chat of
xenon. Thus D j a Dxe for stolchiometric UO2,
but DI > Dxe for U02+x, where D is the
effective diffusion coeff icient .

Figure 3, from post-irradiation examination of the
fuel shows (a) an etched longitudinal section of the
fuel pellet at the sweep gas inlet end exhibiting
general oxidation, plus a marked "isotherm" of
oxidation which extends the length of the pel let
stack. Figure 3(b), shows Che appearance of this

(b)

FIGURE 3 (a) ETCHED LONGITUDINAL SECTION THROUGH
PELLET AT SWEEP INLET END, FIO-134. MARKED OXIDATION
"ISOTHERM" ARROWED, (b) DETAIL OF "ISOTHERM", TYPICAL
OXIDIZED STRUCTURE.

isotherm at higher magnification; i t i s cons i s tent
with a temperature of maximum oxidation of 6OO-7OO°C.

Note that no iodine was measured at the spectrom-
e t e r , or on piping downstream of the t e s t s e c t i o n .

FIO-133, Fuel Dryout Sweep

Figure 4 shows the re lease rate of Kr-88 during the
second 50-minute dryout transient during the FIO-133
t e s t . During normal operation ne measured fuel per i -
pheral and sheath temperatures of 800°C and 300°C,
respect ive ly ; during the transient the maximum corres -
ponding temperatures were 1400°C and 700°C, respect -
i ve ly . Integrated re lease of Kr-88, an example of the
shor t - l i ved f i s s i o n products, during the t r a n s i e n t ,
was 0.5Z. This value was typical of that obtained for
other isotopes during the t rans ient . Figure 5 shows
the re lease rate for Xe-133 during a more severe
trans i en t , with maximum temperatures s imi lar to those
for Figure 4 , but achieved ."tn a shorter time.
Integrated re lease in t h i s case was 1.4Z, typ ica l of
that a l s o measured for other l s t o p e s . The data in
Figures 4 and 5 show s imi lar features :

( i ) an i n i t i a l burst of re lease accompanying run-up
to maximum temperatures,

(11) a steady re lease period at the maximum
transient temperature where re lease was char-
acterized by a V"l r e l a t i o n s h i p , and

0 ID 20 30 to SO 60
TIME OF TRANSIENT ImmJ

FIGURE 4 Kr-88 RELEASE DURING NO. 2 DRYOUT TRANSIENT
AND REWET, FIO-133 ( 1 8 ) .

0 10 20 30 40 SO

TIME Of TRANSIENT ton)

FIGURE 5 X e - 1 3 3 RELEASE DURING NO. 3 DRYOUT
TRANSIENT, REWET AND REACTOR TRIP, F I O - 1 3 3 ( 1 8 ) .
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(iii) a major burst of release during re-wet. For
Figure 5, re-wet was accompanied by a reactor
trip. In both cases, about 802 of the release
accompanied re—wet or re—wet/reactor trip, and
Is consistent with enhanced transport of
fission products accompanying fuel cracking due
to thermal shock.

During all three transients, no iodines were
detected at the spectrometer, or on piping downstream
of the test section.

FI0-138, Loop Blowdown Sweep

Table 5 summarizes conditions achieved during the
blowdown sweep series. Note that the maxlmun sheath
temperature attained was 1000'C In blowdown No. 8.

Figure 6 (31) Is a composite showing how transient
release varies as a function of various test parame-
ters, for blowdown No. 8 (Table 5); average fuel and
sheath temperatures are plotted. The release sequence
for a planned reactor trip Is also shown. Integrated
release during the blowdown was a maximum of about
0.1J; depending on Isotope, a factor of two greater
than that during a normal reactor trip. Activity
begins to Increase Immediately, corresponding with
coolant depressurizing -nich induces the initial
transient Increase In sheath and fuel temperatures.
There is a further Increase corresponding with the
power ramp and increases in fuel and sheath
temperatures, continuing to a value about 30% above
the pre-transient level. The increased release
continues for about 1 min, then falls off as
temperatures decrease with the introduction of rewet.
During the period of high temperature operation,
intermittent quenching of the thermocouples at the top
of the element occurs, as shown In Figure 6. Figure 7
shows how the A dependence of S/Q (S is transient
release, Q Is Inventory) changed with severity of
transient, where the latter is defined and shown in
Table 5. The A dependence for the planned reactor
trip Is -0.5, as reported previously (18); as severity
increases the A dependence approaches -0.2, indicating
a shift in release mechanism away fron diffusion.
Figure 8 shows how S/Q varied with severity. Note
that maximum integrated release is less than 0.12 for
the most severe test. Note also that the
shorteat-llved species (e.g. Xe-138) appears to show

an increase in S/Q with severity; whereas the
longer-lived (e.g. Xe-133) show no clear dependence.

An Interesting contrast in behaviour with the
dryout testing is that there is no significant release
during rewet in the blowdown transient. Also, release
remained constant during the high temperature periods.
The heat-up rate is

1911 AUGUST 17

10CA TRANSIENT

I 2

MINUTES FROM START TIME

FIGURE 6: RELEASE DURING BLOWDOWN NO. 8, FIO-138.

TABLE 5: BLOWTJOWN SWEEP CONDITIONS
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10.0 20.0 30.0 40.0

SEVERITY CRITERION "C-S x10

FIGURE 7: LAMBDA DEPENDENCE OF RELEASE AS A FUNCTION
OF SEVERITY, F I O - 1 3 8 .

FIO-138

2x10

2
Si

4x10 "5

40

SEVERITY CRITERION °C-S xV)~'

FIGURE 8: S/Q VERSUS SEVERITY, FIO-138.

more severe in Che blowdown case, and we postulate
chat fuel cracking permits release during this period.
The cracks which form renain open and subsequent
release Is due Co enhanced diffusion of the short-
lived species to the fresh surfaces. Radial tenpera-
ture gradients in the fuel are decreasing during this
period but there is Insufficient time for crack
healing. There is l i t t l e additional cracking, and
thus release, during re-wet. In contrast, during the
dryout experiment, the fuel temperature distribution
is similar to that under normal operating conditions,
and crack-healing occurs during the high temperature
excursion.

Figure 9 shows a typical polished and etched
cross-section through the FIO-138 test element. The

FIGURE 9: POLISHED AM) ETCHED CROSS SECTION THROUGH
TEST ELEMENT (FIO-138).

degree of macrocracking does not differ significantly
from that observed following a normal shutdown, and Is
similar in appearance to that for the FIO-130 test
(32), which experienced only one blowdown transient.
The appearance in Figure 9 is good evidence for the
postulated fuel "healing" processes (18) which occur
on return to normal operation following a transient
which Induces fuel cracking. Figure 10 shows more
detail of the section In Figure 9: (a) fuel peri-
phery, (b) fuel mid-radius and (c) fuel centre.
Figure 10(a) shows a typical peripheral fuel struc-
ture, with sintering porosity still visible. The
grain size is about 10 pm. In Figure 10 (b), grain
growth has been Initiated, and sintering porosity has
been removed primarily by fission-induced events (33).
There is also evidence of grain boundary porosity due
to fission gas bubbles, and the appearance of inter-
connected grain boundary tunnel formation or boundary
separation (microcracking). Figure 10 (c) shows
marked grain growth to about 50 urn, and clear evidence
of grain boundary tunnels. In some areas, grain
boundaries have moved, leaving new intragranular
porosity. The structure observed Is consistent with
the release mechanism discussed earlier. In particu-
lar, the presence of grain boundary sweeping could be
significant In contributing to release, in addition to
the formation of boundary tunnels and microcracklng
(boundary separation).

In the future, we will be obtaining nore accident-
related release data for 002 fron post-irradiation
heating of UO2 fragments to temperatures exceeding
2300*C under a variety of atmospheres, and from test-
ing in the blowdown test facility under construction
In NKU reactor, with sheath temperatures exceeding
1800*C.

CONCLUSIONS

1. Transient releases were small (0.1-1Z of fuel
inventory) for the three accident tests.

2. Blowdown and dryout mechanisms differ (heat up
versus rewet release).



16.13

(a)

(b)

(c)

FIGURE 10: DETAIL OF FIGURE 9: (a ) FUEL PERIPHERY,
PRE-IRRADIATION FUEL STRUCTURE, (b) MID-RADIUS: GRAIN
GROWTH, FISSION-INDUCED PORE REMOVAL, GRAIN BOUNDARY
FISSION GAS (G) AND TUNNEL ( T ) , ( c ) CENTRE: GRAIN
GROWTH, GRAIN BOUNDARY FISSION GAS (G) AND TUNNELS
( T ) . BOUNDARY SWEEPING ( S ) .

3 . Transient r e l e a s e in FI0-L34 was consistent: with
l o c a l fue l o x i d a t i o n .

4 . No iodines were de tec ted a t spectrometer or
downstream piping in a l l three t e s t s .
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OXIDATION OF UO2 AND FISSION PRODUCT RELEASE AT 400-1000°C IN AIR

D.R. McCRACKEN

Atomic Energy of Canada Limited, Research Company
Chalk River Nuclear Laboratories

Chalk River, Ontario, KOJ 1J0

ABSTRACT

Studies of the oxidation of unirradiated CTO2
pellets in air show two distinct types of oxidation
with a change in mechanism at 600-700°C. At
temperatures £600°C, U-jOg spalls as small
particles, 1-15 urn, as soon as it forms. At 700°C
the 030g starts to form a cohesive structure in
which grain growth occurs in the direction of the
oxygen gradient. At higher temperatures >800"C the
U30g propagates by rapid grain growth, which
sweeps through the grains of irradiated U(>2>
producing large crystals of OjOg, -*• "•'• ^ut

succinctly, at T < 600°C fragmentation accompanies
the formation of U3O8 while at T 2 800*C, rapid
grain growth occurs. It «as observed that in the
first temperature region, volatile fission product
releases are small, while in the second region, 100Z
release can be correlated with 0"30g formation.
This Is supported by data in the literature. In the
first region, only the grain boundary inventory is
released while in the other, 100Z of the Xe, Kr, Ru,
Sb, Cs and I are released. The Ru, probably as
RuO2, reacts rapidly with Zr so that little can
escape from an element or pressure tube; iodine
probably as I2, plates out rapidly on steel 30 that
little of this can escape from a real system. Te
releases are small, as it plates out rapidly on both
Zr and steel.

It appears that, within the error of measurements,
burnup does not greatly affect rates of fission
product release and oxidation in air at 400-1000°C,
so that oxidation rate data gathered using unirradi-
ated pellets can "be applied to Irradiated fuel.

INTRODUCTION

Irradiated uranium dioside fuel can conceivably be
exposed to a hot oxidizing atmosphere as a result of
the following accidents: end fitting failures in
CANDO reactors; accidents during transportation or
storage of fuel; and finally during destructive
investigations, e.g. metallographic examination of
thermally hot fuel.

Since fission product release can occur as a
result of oxidation, data is necessary to predict
when significant oxidation will begin and the
subsequent extent of deterioration when fuel pellets
are exposed to air or stesm at high temperatures.

It had previously been determined that rates of

reaction (1-6), d«nsity of UO2 (1,6), method of
preparation of sample (6,7), partial pressure of
oxygen (6, 8-10), and the surface area of the
sample (3,6,9,10), however, details of movement of
oxidation fronts and mechanistic interpretation were
scant.

This paper presents a review of data, current
thinking and knowledge based on a large number of
experiments carried out at CRNL over the past few
years. Sone of this work is reported in detail
elsewhere (11-13).

Two parallel studies have been carried out in this
work: a mechanistic study of the oxidation of unir-
radiated pellets in air; and a study of fission
product release during oxidation in air of irradiated
fuel.

In the former, well-characterized unirradiated
CANDU reactor fuel pellets were used. The purpose
was to investigate the dependence of UOj oxidation
on temperature, rate of air supply and residence
time; to determine the rate controlling steps and
rate of oxygen penetration; and to characterize the
oxidation products and size of fragments. The
advantage of using large uniform samples is that the
movement of oxidation fronts is readily observed.

In addition, detailed metallography was related to
X-ray diffraction studies of the oxidized UO2.

In the fission product release program, low and
high burnup fuels were oxidized in-cell, and on-line
measurements were made of releases of volatile
fission products. The apparatus was subsequently
dismantled and the fission product distributions
throughout the pipework were measured.

EXPERIMENTAL

Saaples were heated in argon, then once at
temperature they were exposed to air at a controlled
flow-rate. This simulates the accidental exposure of
hot U02 to air.

In the fundamental study of the oxidation of
UO2, standard unirradiated Bruce type or G-2 fuel
pellets were brought to temperature in a flowing
argon stream in a quartz furnace tube and crucible.
Reference 11 gives details of pellets. Once at
temperature, air was Introduced at a controlled
flow-rate for a set time before cooling in argon.

The Debye-Scherrcr powder method was used to
perform X-ray diffraction analyses on powder spalled
during oxidation and on powder obtained by scraping
the edges and kennels of oxidized pellets. X-ray
diffractometry was used for quantitative analyses.
Standard reference cards were used for identification
of X-ray lines tl*O.

Metallography was done using standard procedures
and an etchant consisting of a 9:1 mixture of 30£
H202 and concentrated H2SO4. Examination and
photography was done using a Vickers Projection
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microscope. When results from metallography needed
confirmation, pieces of the sample were crushed and
ground into a fine powder, and X-ray diffraction was
performed.

Fission product release studies were done in hot
cells. Zirconium lined muffle or tube furnaces Here
used to heat irradiated fuel fragments contained in
quartz boats. A sweep-gas technique was used In
which the fuel was exposed to argon during heat up
(20°/min). The atmosphere was then changed to air
once the sample was at temperature. The gas flowed
over the fuel, past a gamma-ray spectrometer, then to
a series of traps (Figure 1 ) . The last trap in the
system was charcoal at -70°C to trap all Xe, Kr, and
any iodine which escaped the first series of traps.
After an oxidation run, all pipework from the furnace
tube to the cold trap was counted for deposited
fission products. Generally the bulk of the piping
was polyethylene tubing, which resists picking up
activity, while the rest was steel.

I CAOWUM IOCIOC
M L
ZVXJTt

FIGURE 1: General description of apparatus.

Xenon calibration samples were injected into the
argon flow-system while it was at temperature.

On the basis of previous experiments, gas flows
were selected to ensure that particulate matter was
not transported in the system.

MECHANISTIC STUDIES OF U02 OXIDATION IN AIR

In test runs, samples were heated and cooled using
only argon gas to confirm that negligible oxidation
(0.0012 weight gain) occurred, and no fragmentation
occurred with heating rates of 5-100°C/min.

It was found that in a pure form, U4O9 has an
equiaxed grain structure which is identical to that
of U02' The Widmanstatten needle-like structure
reported previously (15,16) was observed only during
the transition from UOj to Vtfiq when both oxides
exist together. U3O7 waa observed by X-ray
diffractometry in sample* oxidized at 400"C and 500"C
but met-allographically it does not obviously have the
characteristic coaxial grain structure observed at
lower temperatures (12).

Much of the U3Og powder which spallo.d from
pellets in these experiments was sub-micron in size.
It was found that this fine powder was very easily
disturbed: oxidation at a flow rate of 2000 raL/min
in the apparatus caused entrainment and distribution
problems.

Oxygen depletion of the air supply was observed
only at 500°C and 50 mL/min of airflow.

Details of ceramography and oxide structures are
given in References 11-13.

Oxidation at 400*0

At this temperature, the oxidation of UO2 to
l^Og is very rapid. A determination of weight
gain versus time, using an airflow of 50 mL/min,
revealed an induction period then a short period of
faat oxidation, followed by a plateau before rapid
and complete oxidation to Cr3Og (Figure 2). To
check if the induction period or plateau depended on
oxygen concentration or the finite time which it
takes air to displace argon, oxidation was repeated
using airflows of 500 mL/min and 2000 mL/min. The
results in Figure 2 clearly show a strong effect of
oxygen concentration on the kinetics of the oxidation
process. The plateau observed at 0.5 weightX at 50
mL/mln, disappears at higher flow rates, while the
overall oxidation rate increases by about a factor of
three. The induction period was not affected by
changing the flow rate.
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FIGURE 2: Oxidation at 400°C.

(a) Airflow - 2000 mL/rain.
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sec between chose of (a) and (c).
(c) Airflow - 50 mL/min; independent results of

two experimenters using different
flowmeters gave similarly shaped
curves probably offset due to small
differences in flow rate. One average
curve is drawn through the data.



16.17

Photographs were taketi of tnicroscructures to
determine the products atid rates of movement of
oxidation fronts. On the edge of all oxidized
samples, a thin layer of oxide with a characteristic
Widmanstaccen structure of nixed oxide was observed.
X-ray diffraction showed that this was a mixture of
U 3O 7 and U 4O 9 in U0 2- Above 500°C, the U 3O 7
disappeared and l^Og became the main intermediate
between U 0 2 and UjOg. Far convenience, Che mixed
oxide tf3O7/U4Og is referred to elsewhere in this
section as U 4Og. Very snail quantities of U 3 0 8
were loosely attached as dust to the outside of the
U 4O 9. The U 3 O 8 particles were too small, 10 um,
to show any grain structure even under polarized
light. Comparable CT40g thicknesses were seen for
pellets oxidized for the same time but at different
flow rates, even though they differed greatly in the
degree of oxidation of the pellet (Figure 2 ) , and in
the size of the remaining core of DO?"

Approximate thicknesses of U4O9 layers are
summarized in Table 1. From 30-60 minutes at 50
mL/min there is little change in U4Og thickness.

TABLE 1: THICKNESS OF LAYERS AFTER OXIDATION
AT 400 °C

OXIDATION RATE QF U02 PELLETS
i i i r i I r

J

T=500»C

AIRFLOW =la] 500 mL/min

Id) 50 mL/min

60 120 180 2<»0 300 360

TIME Immi

L80 510 600

Airflow mL/min

50

500
2000

Oxidation ac 500°C

Time

10
20
30
60
85
100
130
85
30

U4O9 (um)

30
25-50
75-90
40-100
110
140
150
110
60

The oxidation race ac 500°C was the fastest
observed. Weight gain versus time curves are plotted
for airflows of 50 mL/min and 500 mL/min in Figure 3.
The curves are approximately linear at early times
with no Indication of an induction period. During
oxidation at the airflow of 50 mL/min, the ratio of
N 2:0 2 in the exit gas »as 9:1. At 500 cc/min
there was no significant oxygen depletion, and-the
rate was faster than that observed at 50 mL/min.

Examination of the oxidized samples revealed that
U 3O 8 as a fine powder began to spall off the pellet
after only 15 minutes residence time in the oxidizing
atmosphere. A Widnanstattsn structure of U^/ t ^ O g
in U0 2 was observed along the edge of each pellet,
while the equiaxed structure of U0 2 was observed in
the interior of each pellet. Approximate thicknesses
of the U4O0 layer and the veights of U3O8 powder
are summarized in Table 2. U3Og only adhered very
lightly as a fine dust, no more than 20-40 um in
thickness* Essentially It spalls as soon as it
forms, similar to its behaviour at 400°C. Some clus-
zering of the powder was observed at longer Mimes.

Oxidation at 600"C

Oxidation kinetics at 600"C are similar to but
slower than those at 500°C: the weight change versus

FIGURE 3: Oxidation at 500°C.

TABLE 2: OXIDATION PRODUCTS AT 500°C

Time

(rain)

15

60

500 cc/min

D4°9
Thickness (um)

140

140

50 cc/min

°4°9
Thickness (um)

140

600

time curve shows good linear kinetics from time zero
(Figure 4); there is oo induction period; cfte peiiec
steadily grows smaller with time. Instead of
spelling as powder, however, much of the U3Og is
in small lumps and flakes which break into powder
when touched even lightly. On occasions, this powder
consisted of small needles of U 30 g, typically 0.5
x 10 U B in size. The fragile oxidized layer on a
pellet was up to 4 mm thick. Successive oxidation
layers 3palled off forming an accordion-like
structure (11,12).

Ceramography showed structures similar to those
observed at 500°C, but the U3Og was in thin
fragile layers.

Oxidation at 700°C

Oxidation at this temperature is significantly
different to that at lower temperatures. The slower
kinetics of oxidation (Figure S), visual appearance,
and ceramography of oxidized pellets are all notice-
ably different from those at lower temperatures.

The kinetics correspond to a protective layer
which ultimately goes inco breakaway corrosion.
Spalled material consists of coarse particles rather
than dust.
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OXIDATION RATE OF U02 PELLETS
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FIGURE 4: Oxidation at 60O°C.
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FIGURE 5! Oxidation at 7OO'C.

Ceramographic examination revealed a thin layer
(40 um) of material bonded around the perimeter of
ths pellet. This material responded to polarized
light but did not etch after one minute in the
standard UO2 etchant. These characteristics are
typical of U3O8. Underlying the U3O8 layer
«*s ;he Wdmanstatten structure or" fl^ffg. This
structure gradually changed to that of pure UO2 in
the centre of the pellet. This continuous tight
layer of ff3O8 obierved at 7OO*C, contrasts
markedly with the loose aggregates of powdered
U3O8 observed at lower temperatures.

Some details of the oxide layers are summarized
Table 3.

TABLE 3: OXIDATION PRODUCTS AT 700 °C

Flowrate

Time

(min)

60

180

300

500

V 9

0.5 mm

0.9 tn

0.9 mm

cc/min

Vs
40 um

60 um

7.48 g

50

V 9

—

—

0.45 mm

cc/oin

Of*
—

4.7 g

— not measured

Oxidation at 800°C

The kinetics of weight gain at 800°C (Figure 6)
are very similar to those at 700"C (Figure 5),
however, fragmentation of the pellet is more rapid;
and there ia a shorter plateau in the weight gain
curve.
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FIGURE 6: Oxidation at 800°C.

At early times, the pellet surface appeared shiny
and brittle and an oxidized surface layer was clearly
observed. The pellet core was brittle, had a shiny
appearance when broken for examination, and was
Identified as UO2/U4O9 by both X-ray diffraction
and metallography. At longer times large pieces
spalled off ultimately ending up as coarse lumps of
UjOg> several mm in size.

Polarized light revealed a columnar grain
structure of U3Og surrounding both the pellet and
large spalled fragments. Another important feature
was that stresses generated by the U3Og had
circumferentially cracked the pellet core. This did
not occur at lower temperatures.
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Oxidation at 900°C

The weight change curve is closer co linear at
900°C than at 800 oC, and she overall rate is slower
(Figure 7 ) . This is compatible with the visual and
raecallographic observations•

0XI0ATI0N RATE OF U02 PELLETS

0.0
60 120 180 240 300 360 420 480 540 600

TIME (mini

FIGURE 7: Oxidation at 900°C.

After 30 minutes a compact and complete layer of
U3O3 had bonded strongly to Che pellet core. At
longer times, the expansion of this tightly bound
U 30 g generated sufficient stresses to cause
RADIAL cracking of the pellet core, and consequent
fragmentation of the pellet into large pieces
(Figure 8). X-ray diffraction confirmed the large
fragments to be mixtures of ̂ Og, U4O9 and
UO2, 'while small fragments were 100% U3Og. The
final c0a9l.et.aL; oxidize! asafclft consisted, of,
U 3O 8 in a whole range of sizes from 1 am up to
4 mm, most of It being on the large side.

FIGURE 8: Example of a pellet oxidized at 900°C for
180 minutes at ad airflow of 1 L/min. The
UjOg layer is clearly observable, also
the RADIAL CRACKING which it ha« induced
in the pellet core.

Examination of samples under polarized light
showed that the u^Og grows in long needles from
the surface and in the direction of the oxygen
concentration gradient. A Widmanstatten grain
structure readily attributable to U40g in UO2
was observed In oxidized fragments after partial
oxidation. X-ray diffraction confirmed the presence
of V^Og. A layer of dark grains, underlying the
U3O8, is also attributed to U^Oo. or some higher
oxide with a similar X-ray diffraction pattern.

Oxidation at lOOO'C

Oxidation rates at this temperature were much the
slowest of those investigated. Oxidation was not
complete after 10 hours. The weight gain versus time
curves for airflows of 50 mL/min and 500 mL/min are
shown In Figure 9. They begin with a rapid reaction,
independent of oxygen supply within experimental
error. The rate then decreases with time, becoming
constant after 180 minutes. The final slope is
slightly greater with the higher airflow. No oxygen
depletion was observed at either flow rate.

OXIDATION RATE OP U02 PELLETS

60 120 190 210 300 360 420 480 540 600

TIME Imin)

FIGURE 9: Oxidation at 1000°C.

Visually the appearance of pellets after oxidation
was similar to that of pellets oxidized at 900°C for
much shorter times (Figure 10). The U3Og surface
layer is cracked and beneath this layer are other
cracks many of which are radial penetrations into the
pellet. At longer times, 10 hours, the pellet still
retained its structure, but some large fragments, up
co 8 ran in size, broke off during cutting for
examination. The core was 1003! U4O9.

A transition phase of columnar grains was observed
on the surface after 10 minutes oxidation. This is
attributed to an intermediate between U4O9 and 11303.
Ac this short time, U4O9 was observed in the centre
of pellets. At longer times, a tightly bonded layer
of U3Og surrounded the pellet and the structure
of the pellet centre was equiaxed with only traces of
Widmanstatten preclpitacion. Details of oxide
thicknesses and X-ray analyses are given in Table 4.
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che smaller Is the particle size. Grain growth in
the U 3O 8 (larger crystals) is first seen at
700°C, rapidly increasing between 700 and 800°C.

COMPARISON WITH OTHER DATA

Bearing in mind structural differences in fuel
from different sources, e.g. densicy, the above
results are in excellent agreement with all other
published data sets (1-3,6-10,17-22) except one (4,5)
performed in static air, which probably suffered from
air starvation.

TABLE 5: APPROXIMATE PARTICLE SIZE ANALYSIS

FIGURE 10: Pellet oxidized at 1000°C for 120 minutes
with an airflow of 500 mL/rain. The
surface layer is t73Og. Beneath this
layer, radial cracks partially penetrate
the centre of the pellet. Magnification
- 3X.

TABLE 4: OXIDATION PRODUCTS AT 10OO°C

500 cc/mirt 50 cc/min
Time
(min)

10

60

180

600

Interior U3°8 Interior U3°8

120 yni —

U02 with U40g none

precip.

70% O4O9

30% U02

85% U, 0q 450 um 855!

15% U02 13%

100% u\0. 900 um 85%

15*

220 um

700

Results conclusively demonstrate that oxygen can
diffuse much faster through \JO2/X!ifla than
through U3O8 (see also reference 11).

Oxide Colours

(JO, powder is reddish brown; U4Og is black;
U3O7 is pink; U3O8 is black.

Oxygen Access

Although pellets lay on their sides, the line of
concact between the pellet and crucible did not show
reduced oxidation. There was no evidence of reduced
cylindrical geometry implying that loose spalled

ii i»t limit oxygen access.

Particle Size Analym

Approximate particle »i*e analysis is given in
Table 5. Generally, Che higher the oxidation rate,

Temper-
ature

"C

400-600
700
800
900

1000

Fragments

Size

0.5 mm
1.5 mm
3.5 ran
6.0 mm

wt%

0
20
50
30
90

Particles

Size

100 um
330 um
700 urn
700 Um

vtX

0
40
25
10

5

Powder

Size

10 um
12 um
12 ua
16 lifll

16 un

wtZ

100
40
25
10

5

RATE DETERMINING STEP

It is apparent from the above data, that oxygen
diffusion through 0"30g is an important factor in
governing the oxidation rate of tl02 in air. There
are two distinct types of oxidation with a change in
mechanism around 700°C. At temperatures <600"C,
U3O8 spalls as small particles, 1-15 um, as soon
as it forms. At 700°C the t^Og starts to for.u a
cohesive structure in which grain growth occurs in
the direction of the oxygen gradient. At higher
temperatures >800°C the 11303 propagates by rapid
grain growth, which sweeps through the grains of
irradiated U02, producing large crystals of 030g,
>1 am. The larger the U3Og crystals, the more
difficult it is for oxygen to access the underlying
UOj/tĴ Oq and the oxidation rate slows down.
Oxidation is fastest at 500°C where the U3Og

offers little if any barrier to oxygen diffusion.

Generally it can be concluded that at all
temperatures protective layers grown under conditions
of slowly increasing oxygen partial pressure are more
impermeable to oxygen than layers which are initially
grown more rapidly at faster rising oxygen partial
pressures. More ordered structures with fewer
defects are grown at slower rates, and this is
remembered by the protective layers long after the
system is at atmospheric pressure.

Although no investigation of the effect of
changing airflow is reported in the literature, the
conclusions reported here are borne out by isobaric
tests. Oxidation rates and diffusion coefficients
were found to be pressure dependent in work at low
temperatures (8), and high temperatures
(6,8-10,23,24).

CO-EXISTENCE OF OXIDES

It is obvious from the data presenced in this
paper, that at any time during oxidation of a macro-
scopic sample at 400-100CC when the weight gain is
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between zero and 3.95%, i.e. intermediate between
UO2 and t^Og, several oxides are in co-existence,
e.g. UO2/U4O 9/U3O 7/U 3Og at 400°C and UC^/I^Og/l^Og
at 1000 C. At no time can a macroscopic sample in
air consist of 100X U4O9 or 1002 U 3 O 7 .

FISSION PRODUCT RELEASE STUDIES

Data most pertinent to understanding is presented.
Zirconium furnace tubes and liners were used to
oxidize fuel fragments in an environment chemically
similar to that of a defected irradiated fuel
element. It was subsequently discovered that the
zirconium plays a most important part in reducing
fission product releases.

Details of the apparatus are given in Figure 1.

Preliminary Experiments

These were Che first experiments to demonstrate
the reluctance of volatile fission products to come
out of fuel under oxidizing conditions. Significant
data is shown in Figure 11. In this experiment,
4.7 g of 0.3 MW.h/kg U/ fuel fragments were heated at
86O°C with an airflow of Z0 mL/min. Most of the
volatile fission product release occurred during
cooling while the fuel was at 400-600°C. The major
fraction of the activity, 99X, was due to xenon.
Early in Che experiment small quantities of iodine
were observed but no more iodine was seen deposited
at the detector after the temperature of a sceel pipe
at the furnace outlet fell below 300°C. The volatile
releases were very small, 0.05? of the xenon
inventory and 0.0042 of the iodine inventory. When
the furnace was pressurized Co 50 psi and pressure
was relieved downstream, the detectors immediately
registered a large permanent rise in activity to
14500 cps above background. This was completely
independent of flow rate. It is attributed to the
dispersal of oxidized fuel dust. The spectrometer
identified 1-132, Np-239, Te-132 and other isotopes
which had not been previously observed.

MU 1720 "50

TIME IW

FIGURE 11: Activity release vs. time and temperature

Mostly the UjOg was in the form of fine powder;
ceramography of larger oxidized fuel fragments showed
U 40g overlying U O 2 , with only very small quantities
of U30g. This structure is very typical of that
observed in unirradiated pellsts oxidized at
4QQ- 5 Q Q O C % which is the temperature range in which
oxidation of U 0 2 is fastest. These results suggest
that while at temperature, little oxidation of the
U 0 2 occurred. The transient release observed on
cooling is associated with an increased oxidation
rate as the sample cooled from 600-400°C. At higher
temperatures, the oxygen was presumably gettered by
the zirconium components at the furnace. High
temperature oxidation of the [102 seems to have been
almost negligible in this experiment.

Similar results were observed in two other
experiments, the largest release being 1.4% of the
xenon and 0.12 of the iodine tor a sample given two
oxidation treatments on successive days at 820°C and
910°C.

Significant Cs, Ru, and I deposition was noted in
the vicinity of the furnace.

Low Burnup Fuel

Having been alerted by the previous experiments :o
the difficulty of oxidizing UOj at high tempera-
tures in Zircaloy with small airflows, carefully
controlled experiments were carried out using a
smaller surface area of zirconium, and higher airflow
introduced directly over the sample, which consisted
of a 2 mm slice of Bruce pellet irradiated at 60"C to
1.0 MW.h/kg IT.

As in previous experiments, air was introduced to
the sample after it had been brought to 920°C in
argon (zero time in Figures 12 and 13).

3 h
cs
00

1 h

-rnfT"

1

1 1 1

920 1840 2760

TIME IN SECONOS
3680 4600

FIGURE 12: Kr-85m activity at 151.0 keV.

There was an immediate release of radioactive Xe
and Kr isotopes. The volatile activity seen at the
detector ro«e steadily until tne furnace was switched
off (1900 s) to stop the released activity becoming
too high (>0.5 Mbq). After the furnace was switched
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FIGURE 13: 1-132 activity at 667.4 keV.

off, the activity due to noble gases immediately fell
rapidly and in many cases this was an order of
magnitude by the time the furnace was at 675°C
(2700 s) (Figure 12). Fractional releases of noble
gases varied from 15 to 26J.

The behaviour of iodine was totally different to
chat of the noble gases (Figure 13). In all cases
the arrival of iodine isotopes at the detector was
significantly later than the noble gases, causing the
gross gamma activity to rise even after the furnace
was shut off. The iodine activity at the on-line
detector rose continually, only stabilizing after the
furnace was isolated and bypassed. It appears that
iodine moves slowly along the pipework as an adsorbed
species. This was also observed in previous work.
Whenever they were observed, the activities of 1-131,
132, 133 and 135 were proportional to their calcu-
lated inventories implying identical chemical
behaviour. The 1-131 activity along the apparatus is
shown in a logarithmic plot in Figure 14. The total
release of 1-131 was obtained by summing all the
contributions from different parts of the apparatus.
The result of 50Z released iodine inventory is only
approximate. Only 0.5% of the iodine reached the
filters and traps, after flooding with a high flow of
argon for 2-1/2 days before final shutdown. Host of
the iodine was located in a small band 65 an
downstream of the furnace.

The distribution of Ru-103 was also highly
localized, all of it b«lng in the furnace. The total
fractional release wa« identical to that of the
iodine, 502, and is subject to similar
qualifications.

The total fractional release of Te-132 was only
6.6 x 10"3 of Inventory. Less than V. of this
a&caswd. £t«& ttv» ftmaeft w the aeacby outlet
piping.

Gamma-ray spectrometry of some of the small
oxidized fuel fragments, confirmed that substantial
proportions of the Xe-133, 1-131 and 1-132 were
retained in the fuel.

FIGURE 14: 1-131 activity/cm along apparatus.

Ceramography of some of the oxidized fuel
fragments showed that oxidation was incomplete
(U02/U40g kernels were seen). Both the structure
and the fragment size distribution were as expected
from the unirradiated pellet data for oxidation at
920°C. According to the latter, approximately 30% of
the sample should have been oxidized to l^Og.
Allowing for the accuracy of the release measurements
it seems that grain growth of (J3Og causes 1002
release of Ru, I, Xe and Kr isotopes from the uranium
oxide matrix.

Increasing releases measured by Parker et al. on
raising the temperature from 800-1200°C <1) are
probably due to increased oxidation of the samples
rather than increased diffusional release.

High Burnup Fuel

In the first experiment, NRU experimental fuel of
burnup 445 MW.h/kg U, was maintained at 950 + 20°C
for 2.5 hours. In the second experiment, fuel of
burnup 465 MW.h/kg U was maintained at temperature
for 2 hours. In boch cases the airflow was 100
mL/min and small fragments, 5 3.0 mm, were used.

A repeat of the second experiment was used to
record iodine and cesium deposition downstrean of the
furnace. This was not possible In the first two
experiments which utilized some pipework in common,
and which became heavily contaminated with both
fission products and fuel dust after the first
experiment.

Fragment sizes and ceranographic structures were
as expected from the previous work on UO2 oxidized
at 900-1000°C.

Bot'n fuels gave similar results. Tnere was an
Immediate rise In activity as soon as the air reached
the fuel (Figure 15). The Xe-133 activity peaked in
about 11 minutes, and then decreased. An integrated
release is shown in Figure 15a. Approximately 50S of
the release occurs in 20 minutes and 100Z in 60
minutes.
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In the case of the second experiment, the measured
release was identical to the calculated inventory.

a
UJ

I
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U>
- I
UJ
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s

IIOOOO

98QQQ'
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6E000
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11000-
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7 0 -

6 0 -

5 0 -

4 0 -

3 0 -

2 0 -

10-

I

44S MWh/kg
SAMPLE AT 9S0tS0'C
AIR ON AT 1370 stC-
TRANSIT TIME TO 0ETECTOR • 600 MC

1000 2000 3000 4000 5000 6000

IN SECONDS

FIGURE 15: Xe-133 activity ac 81.0 keV for 445
MW.h/kg fuel
(a) integrated activity
(b) on-line activity.

7000

In this experiment using predominantly
polyethylene piping to minimize deposition of iodine
en route to traps, at least 201 of the iodine
inventory was sufficiently volatile to reach the
traps 10 m from the furnace. Quantitatively the
total. Iodine iteLease from, fuel during oxidation is
probably similar to that of the noble gases, as
observed previously.

Significant cesium release was also observed in
these experiments, although the quantity, distribu-
tion and mass balance could not be obtained because
of the contamination previously discussed, which is
generally worse for cesium than for iodine. In
experiment two, Cs-134, 136 and 137 were observed at
the detector in quantities proportional to their fuel
inventories, and at long times were in similar pro-
portion to the 1-131 also plated out on the pipework
at the detector. The arrival time of cesium lagged
behind the iodine by approximately 30 minutes. This
is illustrated in Figure 16, where Che ratio of
cesium activity/iodine activity is plotted versus
time. Although the cesium activity started off at a
background level five times higher than the iodine,
aa soon as iodine release occurred, it fell behind;
then slowly caught up until the oxidation transient
at 4000 seconds caused a sudden increase in iodine
concentration; the cesium then took another two
thousand seconds to catch up. Activity observed
prior to the oxidation, was due to movement of small
quantities of Cs and I deposited during the first
experiment. The final ratio of Cs-137 to 1-131 was
1.15. The corresponding calculated ratio for the
fuel inventories was 0.97. Since the iodine and
cesium arrived at different times, it is obvious that
they did not arrive as Csl, although the cesium may
have subsequently reacted with adsorbed I2 to form
Csl.

More recent experiments have confirmed that Cs and
Ru are released 100Z when UO2 i-3 oxidized to
U3O8 at T > 850"C. Significant Sb release, 60Z,
was also observed.

The measured release was larger Chan the
calculated inventory for the first experiment
possibly because this fuel was deliberately picked
from the perimeter of an element whereas Che other
was picked from the interior of the element. Pro-
grams for calculating fission produce inventories do
not account for radial flux depression or increasing
diffusional release ac greater depths in the fuel
pellets. It can safely be assumed that noble gas
release was 1002 in these experiments.

Iodine behaviour was as observed in previous
experiments: a steady increase in activity ac the
detector location.

All components were connected with non-iodine
absorbing polyethylene Cubing except for cwo short
sections of 20 cm length, each consisting of 6 mm
bore stainless steel and carbon sceel in parallel.
After oxidizing fuel ac 950*C for 2 hours, 20£ of the
pre-oxidacion iodine inventory was located in Che
traps and 102 in the second steel section mostly on
the castoa steel. TWe t«a»iai^S TQS •»£ tht Iodine
was probably on the first sceel section closer to the
furnace but this could not be quantified because of
cross contamination by fuel from other experiments.
All results to date Indicate that whatever ics
original form, iodine in fuel is oxidized to I2

when U02 is oxidized to U3Og at high
temperatures.

©

1 1 1 1 —

465 MW.h/kg.
SAMPLE AT 950°C

n—1—1

0 2000 4000 6000 8000 10000

TIME IN SECONDS

FIGURE 16: Ratio of Cs-137/I-l31 act iv i t ies for
465 MW.h/kg fuel.

Using the data on oxidation kinetics, the
appropriate fragment size totally consumed in a given
time under the conditions of this experiment can be
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calculated. This is 20 minutes for a 0.6 mm fragment
and 60 minutes for a 1,5 am fragment.

These rate extrapolations from uairradiated fuel
are in very good agreement with the present experi-
ments en high burnup fuel if 1002 release accompanies
zhe formation ol VjDg by grain growth at these
temperatures. Figure 15a can be thought of as
showing the progression of oxidation of the fuel
fragments to I^Og, similar to Figure 9.

CONCLUSIONS

It has been observed that the grain growth of
U3O3 at temperatures >800°C readily bridges small
cracks and defects in the U 0 2 (11,13). This should
also be the case with defects induced by irradiation.
Provided that the fragment size is correctly speci-
fied, it appears that oxidation rates are not
significantly affected by burnup. The particle size
and appearance of the product U 3Og are very
similar to what is observed when unirradiated UO 2
is oxidized. It has been observed that many cracks
intersect the boundary between the UO2/O4O0.
kernel and the U 3Og. These can allow fission
.gases to escape.

The greatest uncertainty in an accurate
quantitative analysis is whether tunnels in high
burnup fuel can increase, oxygen availability at early
times before they are d o s e d by U^Og growth. In
the present work this does not seem to have been
significant.

Since releases of fission products are small below
the temperature 700 °C where grain growth in U 3Og
starts (1,9-11,22-26) and are 1002 above the
temperature 800°C where substantial grain growth
occurs (1) then it may be postulated that grain
boundary sweeping is responsible for the 100Z
releases rather than simple crystalline rearrangement
from a cubic to an orthorhoabic structure. Release
rates correlate well with the movement of oxygen
rather than diffusion of fission products. It is a
corollary of the above argument that grain growth in
U 0 2 + x will govern releases during oxidation in
steam. In order to check this, further experiments
are required including a study of noble gas diffusion
in tf3O8.

The following isotopes are released 1003 during
oxidation of U 0 2 to U 3 0 a at T > 850°C: Xe, Kr,
Cs, I, Sb and Ru. Tellurium release is also
significant. All except the noble gases, rapidly
plate out on netalwork.

U 3O 8 dust is readily airborne and should be
considered in accident analyses.

This work demonstrated the difficulty of oxidizing
ITO2 in the presence of Zr at high temperatures,
confirmed later in experiments using whole
elements (27). Whereas zirconium oxidation in air
increases with temperature (28), the rate of
oxidation of U 0 2 is fastest at SOO°C and is very
much slower at lOOO'C.
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FUEL TEMPERATURE ESCALATION IN SEVERE ACCIDENTS

0. AKALIN. C. BLAHNIK, B. PHAN, F. RANCE

Ontario Hydro, Toronto, Ontario

ABSTRACT

One of the key phenomena observed in severe
fuel damage experiments is the relocation of
molten material upon melting of Zlrcaloy
cladding. Solid/liquid interfaclal forces tend to
dominate the relocation of molten materials in
thin-walled horizontal CANDU fuel, rather than
gravity in LWR fuel. This paper discusses
observed relocation patterns In CANDU fuel In view
of available data on the Interfacial properties of
molten Zircaloy. Conditions governing the various
possible relocation modes are Identified and a
simple modelling approach Is proposed. The effect
of melt relocation on the exothermic metal/water
reaction (HWR) is explored analytically.

INTRODUCTION

In the late 1970's. Hagen (KfK) found that the
molten Zlrcaloy (Zry) cladding of Light Hater
Reactor (LUR) fuel rods tends to relocate In steam
at heatup rates in excess of about 4°C per
second, and that the extent of relocation
Increases with Increasing heatup rate (1,2).
Further experiments (3.4,5) with vertical LWR fuel
consistently show extensive relocation of molten
cladding which resembles the movement of molten
wax on a candle (referred to as "candling").

The relocation behaviour of the molten material
in CANDU fuels Is expected to be different than In
LWR fuels because of the horizontal orientation of
the CANDU bundles. The Canadian "Severe Fuel
Damage" (SFD) program was initiated under CANDEV
about four years ago to study the behaviour of
CANDU fuel under extreme temperatures. Initially,
only single-element experiments were performed to
develop heater technology and to scope element
behaviour over a range of heatup conditions. The
effort was concentrated on the dissolution of
(K>2 fuel by molten Zry since this phenomenon was
identified as a potentially significant activity
release mechanism and as the major source of melt
for interaction with the pressure tube. The
extent of (»2/Zry interaction (alloying) was
since found to be limited to a small fraction of
UO2 volume [6] and the experimental emphasis has
shifted to the study of Zry melt relocation in
milti-element assemblies.

CANDU tests with a single, horizontal
fuel'element-simulator (FES) show only minor
circumferential movement of melt, and then only at
very rapid heatup rates (In excess of about
10°C/s). This melt relocation becomes
Imperceptible at moderate and low heatup rates,
even in experiments performed in an Inert
atmosphere (Figure 1).

Hhen a trefoil of FES's (in contact with each
other) was slowly brought up to high temperatures
in an inert atmosphere, local inter-element
relocation was observed as Illustrated in
Figure 2. In this experiment,

1°C/s

50»C/s

FEST-7 INERT
FEST-5 AS-RECEIVED Zry-4
FEST-6

FIGURE 1: MELT MOVEMENT ON SINGLE, HORIZONTAL
FUEL ELEMENT SIMULATORS

FIGURE 2: LOCAL RELOCATION PATTERNS IN
MULTI-ELEMENT HORIZONTAL GEOMETRY
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the Zry melting temperature was achieved only In
the Interior triangular subchannel (outer surfaces
were much cooler due to large radiation heat
losses). The molten Zty completely relocated Into
the vicinity of contact lines between the
horizontal elements.

Inter-element relocation patterns similar to
the above were also observed in the
high-temperature- bundle-sag (HTBS) experiments
where full scale fuel bundles were heated to very
high temperatures by superheated steam from a
hydrogen torch [7]. The relocation patterns In
this experiment are illustrated In Figure 3 (note
that more figures are presented in Reference 7).

FIGURE 3: INTER-ELEMENT RELOCATION PATTERNS
IN HTBS TESTS 2 (TOP) AND 3 (BOTTOM)

In addition to the surface relocation patterns
described above, capillary movement of melt into
voids in the UO2 matrix (cracks, dish volumes,
etc) was also observed in both LWH and CANDU
experiments. In CANDU tests, the complete filling
of a dish volume was observed in one of the HTBS
tests. Penetration into fuel cracks is commonly

seen in the FES experiments, as illustrated in
Figure 2.

RELOCATION NODES

When a fuel element is heated in steam, the
amount of molten Zry available for relocation Is
determined by its heatup rate. The slower the
heatup, the thicker the layer of ceramic ZrC>2 at
the time when the cladding melting temperature is
reached, and the thinner the layer of remaining
metal to be melted.

The relatively large mass of Zry in LWR fuel
produces much larger inventory of melt available
for relocation than would be possible with CANDU
cladding. At soc* moderate heatup rate, the CANDU
cladding would be completely oxidized by the time
the melting temperature is reached, while the LWR
cladding will still have a substantial Inventory
of melt available for relocation. Subsequently,
the vertical orientation of LWR rods promotes
accumulation of melt into large droplets or
"blobs" (candling effect).

Once the melt accumulates into droplets,
gravity becomes the dominant force in the
relocation process. The melt will tend to run
down along the vertical rod surface until it
solidifies at some lower location. The CANDU fuel
arrangement provides Just the opposite conditions
with respect to gravitational relocation. The
thin-walled cladding is distributed horizontally.
and there Is not enough Zry mass at any axial
location to accumulate Into sizeable droplets.
Thus the liquid/solid interfacial forces dominates
the relocation process leading to different
relocation patterns.

Since gravity Is not an important force in the
relocation of CANDU cladding, the movement of melt
Is determined by Its adhesive/cohesive properties
relative to the adjacent solid boundaries. If the
adhesion forces are greater than the cohesion
forces, the melt will tend to spread on (wet) the
adjacent solid surface, otherwise the melt will
tend to run on the surface. The wetting
properties of a liquid are commonly quantified in
terms of a "wetting angle", A wetting angle less
than 90° Indicates that the liquid wets the
solid substrate, while an angle greater than 90°
Indicates non-wetting behaviour.

Melt wetting angles for various Zry/Zr(O)/l/O2
systems are reported in [8, 9J. It is shown that
the wetting properties of molten Zry are very
sensitive to its dissolved oxygen content.
Oxygen-free Zry wets ceramic UO2 very poorly
(•©•S130O), while the oxygen-saturated Zr(O) wets
UO2 very well («=20°). The threshold oxygen
concentration between the wetting and non-wetting
regimes is at or above 1 weight percent of oxygen.

These concepts are fully consistent with
experimental observations obtained from numerous
single-element FES tests. Movement of molten
cladding was observed only in rapid heatup tests
where melt was seen to accumulate at the bottom
periphery of FES, held in place by surface tension
(Figure 1). For those slow heat up tests (hold
temperature of around 190n°C>, no perceptible
movement of the cladding was observed.
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The transient heat up of a multi-element bundle
requires additional considerations for the
assessment of Zry relocation, as discussed in the
following sections.

Inter-Element Relocation

Inter-element relocation Involves the movement of
melt from the overheated element into the
inter-element cavities of the fuel bundle, as
illustrated in Figure 4.

By observation, inter-element relocation occurs
when:

(a) fuel elements are heated rapidly to Zry
melting temperature.

(b) fuel elements are in contact with each other.

la) ONSET OF MELTING

(b) AFTER RELOCATION

THWOXOE ALONG
S

THtCKEROXOE AWAY FROM
CONTACT ZONE

SHELL PERFORATED
IN CONTACT ZONE

NEW SURFACE
AREA OF METAL

FIGURE 4: INTER-ELEMENT RELOCATION OF MELT

In accident scenarios, condition (a) is
satisfied when the fuel heats up from high
stored-energy levels at low steam flows. Gradual
heatup from low stored energy levels would lead to
extensive oxidation of the cladding by the time
sufficiently high temperatures are reached.

Condition (b) Is automatically satisfied in a
ballooned channel geometry. The pressure tube
ballooning removes circumferential restraints on
the fuel bundle, making the central spacer plane
an ineffective support. End plates readily
distort at relatively moderate temperatures
resulting in Ineffective end support. The
elements can then slip from their central spacers
sideways, allowing them to assume a settled bundle
geometry. Experiments show that CANDU elements
will distort quite eacly during the transient
heatup (at cladding temperatures ranging from
1200% to 1400°C> regardless of the ambient
atmosphere (oxidizing or inert). Large
deflections can be avoided only by frequent axial
supports which are unavailable in the ballooned
section of the fuel channel. The deflections are
arrested by contacts with other elements.
consistent with observations from HTBS experiments.

In an undeformed pressure tube, the extent of
Inter-element contact will be primarily determined
by sheath strain, rather than by sagging
deformations. This is because the lateral
deflections of unstrained fuel elements are
limited In the presence of effective central
support.

Thus, the inter-element relocation will be most
pronounced in accident scenarios which result in
high fuel heatup rates and pressure tube
ballooning. In these scenarios, the amount of
material available for relocation is large.
Extensive Inter-element contact will occur
regardless of the extent of sheath strain, by
means of element deflections. With decreasing
heatup rates. the extent of inter-element
relocation can become governed by the limited
availability of molten metal, as well as by the
limited extent of Inter-element contact.

The inter-element relocation process proceeds
as follows: Once the inter-element contact
develops early In the transient, it acts to widen
temperature and oxygen-profile non-uniformities
around the element circumference (Figure 4). In
the area of contact, the layer of ZrOj stops
growing due to highly localized steam starvation
and, at the same tine, convectlve heat removal is
impaired. The ZrC>2 thickness will be small at
the time of contact (since contact occurs between
1200 and 1400°C) and will remain so throughout
the heatup transient. In fact, the oxide can
become thinner as the heatup progresses, since the
underlying metal acts to deplete it of oxygen
which is not being replenished by surface
oxidation. Depending on the magnitude of the
external oxygen flux into the contact zone, the
original oxide may well be totally dissolved by
the time the metal melting temperature is reached.

Following melting of the metal substrate,
volumetric changes in the metal can produce large
stresses in the oxide shell. The shell will tend
to rupture at its thinnest cross-section, that is
in the vicinity of an inter-element contact.
Also, and more Importantly, the dissolution of the
ZrC>2 shell will accelerate in the presence of
the melt. The melt dissolution kinetics are not
well characterized at present, but the dissolution
rate of ZrO2 by Zry Is expected to be faster by
a factor of 2 or 3 relative to that of solid
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metal [10]. Any thin ZrC>2 layer In the contact
zone will quickly disappear. producing a
perforation through the oxide shell. This is
illustrated in Figure 5 which shows examples of
melt penetration observed in HTBS experiments.

The extent of inter-element contact depends on
the freedom the individual elements have to avoid
contact with the adjacent elements. Figure 6
illustrates that any movement of the inner
elements will lead to essentially complete contact
along the full length of bundle (small axial
separations are irrelevant) since these inner
elements are completely surrounded by other
elements. The same applies to all the elements In
the bottom half of the settled fuel bundle. In
the upper half, some opportunity for incomplete
contact exists for the outer and intermediate
elements. Sone of these upper elements could
becone separated from each other as the bundle
assumes an oval shape in an attempt to re-
establish bearing pad support points on the
ballooned pressure tube.

FIGURE 5: EXAMPLES OF OXIDE SHELL DISSOLUTION
BY MELT (FROM HTBS TESTS)

The capillary forces are large relative to the
mass of metal involved and they are capable of
rapidly moving the molten material into
inter-element spaces. Surface tension forces will
attempt to Minimize the surface to volume ratio of
relocated melt, resulting In small "pools" of
metal being formed by the two-dimensional movement
of melt (radially and axially). The surface area
of the relocated melt exposed to steam Is always
substantially smaller than that of the original,
uniformly distributed cladding. It is this
surface-area reduction of Zry which can become the
governing parameter for the subsequent exothermic
oxidation process. On a bundle basis, this area
reduction is determined by the frequency of
inter-element contact points and bv the ability of
the melt to escape its oxide shell.

61mm

FIGURE 6: SETTLED BUNDLE CROSS-SECTIONS FROM
HTBS TEST #3 (at 30 and 61 mm from front)

It is apparent the inter-element relocation
will readily occur at rapid heatup rates (in
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excess of about 10°c/s> since an ample fraction
of low-oxygen content melt Is available to
dissolve any oE the remaining shell In the contact
area, and to remain molten at temperatures in the
vicinity of 1850°C. With decreasing ramp rates,
ample metal is still available within the ZrC>2
shell, but Its ability Co penetrate the oxide
layer will tend to decrease. Recall that once the
metal becomes oxygen saturated Zr(0), it loses its
ability to dissolve the ZtO% It then has to
depend on mechanical forces for shell penetration,
making the process less reliable.

Intra-Element Relocation

This mode of relocation Involves the capillary
flow of molten metal Into the (X>2 matrix.
Capillary volumes may be In the form of
surface-connected cracks (Figure 2). dish volumes
at the ends of fuel pellets and grain-boundary
tunnels created by the escape of fission gases.

The conditions necessary for this mode of
relocation are:

(a) sufficiently high oxygen content to cause
wetting of ceramic by the melt;

(b) availability of capillary volumes.

Condition (a) Is always satisfied at some point
in fas during the transient, although not
necessarily immediately following the melting of
metal In very rapid transients (ie at ramp rates

10°C/s>. For these, the intra-element
relocation could be delayed with respect to the
time of bulk-metal melting while the melt picks up
oxygen from the exterior, or by Zry/UO2
Interaction.

Condition (b) is more difficult to quantify
since there are no direct observations of the
extent of fuel cracking at temperature. Indirect
observations indicate that fuel (.racking occurs
following a sudden power change (startup or trip),
but no measurements of capillary volumes are
available. Sheath strain should also promote
separation of existing cracks, but again, no data
is available.

The Intra-element relocation is not sensitive
to the extent of inter-element contact, and it
results in large metal surface ares reductions
relative to the original cladding (since the
capillaries tend to have a large depth to width
ratio). Sufficient capillary volumes are likely
to be available In all severe LOCA/LOECI
scenarios, since the heatup of fuel is preceded by
a neutronic power excursion and reactor trip.
This relocation mode is expected to be the
dominant one for moderate and low heatup rates,
complementing the inter-element relocation process
which is most effective for fast heatup rates.

RELOCATION MODELS

In order to model the effects of inter-element
relocation on HWR. the following three parameters
need to be quantified:

(a) the extent of inter-element contact between
the fuel pins,

(b) the ability of melt to escape the oxide
shell into the inter-element space, and

(c) the surface area of the relocated melt.

Explicit mechanistic treatment of the above
parameters is not feasible at this time, nor is it
compatible with simple ring modelling of fuel in
CHAN-II (a fuel channel code used for fuel channel
analysis under degraded cooling conditions). Only
approximate solutions can be implemented which
"smear" the effects of relocation over a portion
of the fuel element ring.

The extent of inter-element contact can be
conveniently described by a fraction of elements
in any given ring (or portion thereof) which
contacts its adjacent ring along its full length
(Fn). The value of Fn can vary between the
top and bottom of fuel bundle, and from ring to
ring. The extent of contact can be less complete
in the top half of settled bundle.

The extent to which the molten zircaloy is free
to flow (Fp) depends on Its oxygen
concentration. Since there exists an oxygen
concentration gradient In sheath, It is assumed
that only that material with sufficiently low
oxygen concentration will relocate, with the
remainder continuing to oxidize in its pre-melt
geometry.

Theoretical analysis of relocated melt
geometries supported by examinations of
settled-fuel cross-sections from HTBS experiments
indicates one or two orders of magnitude reduction
In the exposed surface area of the melt relative
to that of original cladding.

The inter-element relocation model can also be
used to represent Intra-element relocation. This
Is accomplished by setting the values of FR and
FN to unity.

EFFECT OF RELOCATION ON POST-LOCA TEMPERATURES

Transient fuel temperature excursions are a
result of an imbalance between heat sources
(neutronic power, decay heat, chemical HWR heat)
and heat sinks (convectlve and radiative sinks,
fuel heat capacity). Once high fuel temperatures
are reached, the exothermic HWR can become the
principal heat source.

At very high fuel temperatures, the MWR
requires substantial fluxes of steam to sustain it
globally on a channel basis. This, in turn,
implies that considerable convectlve heat
removal/redistribution Is available. With ample
steam supply, the heat generation rate is only
governed by the surface area of the metal (and the
properties of its protective oxide layer). Any
reduction in this surface area due to metal
relocation will tend to reduce the fuel
temperatures rapidly and substantially, since only
the heat generation rate has changed while the
convectlve heat transfer remains the same.
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A: No Melt Relocation

B: Inter-element Relocation TR = 185O°C - Time dependent
(100/150) Surface area is reduced by 10.

C: Combined Inter and Intra-element Relocation TR * 18SO°C-
No time dependence

D: Gross Bundle slumping at 1850°C and MWR cut-off

1500

100 300 300 400 500

FIGURE 7: CHANNEL-AVERAGE FUEL TEMPERATURES
(P>6.7MW,m.i00g/s)

1S00

tOO 200 300 400 500

FIGURE 8 : CHANNEL-AVERAGE FUEL TEMPERATURES
(P-6.7MW,m»10g/s)

At severely degraded steam flows. the
convective heat removal/redistribution Is small,
but at the same time, the global rate of MWR (i.e.
sum of Individual element rates in ihe channel)
tends to be limited by local steam starvation.
Changes in the reactive surface area will then
have only a minor influence on the overall channel
heat balance.

These broad trends are illustrated in Figures 7
and 8 which show "average channel" temperature
transients for 6.7 MW channel undergoing rapid
heatup from high stored energy levels in 100 and
10 g/s steam flows.

Figure 7 illustrates that the relocation
phenomena can have a significant effect on fuel
temperatures In channels exposed to considerable
steam flows (100 g/s). Differences on the order
of 200°C develop in average-channel fuel
temperatures, although the differences between the
three cases which account for the effects of
relocation are smaller (on the order of 50°C>.

When the same channel is exposed to severely
degraded steam flows (10 g/s). the differences
between the four cases became smaller
(Figures 8). This illustrates that steam
starvation has become important.

The preceding examples show that there are a
number of interrelated MHR rate-limiting processes
which come into play during severe fuel
temperature excursions,. The melt relocation is
effective primarily in those situations which lead
to rapidly escalating and seemingly unlimited
liberation of chemical heat (rapidly rising
cladding temperatures, unlimited supply of
steaa). If some other rate limiting processes are
present (e.g.. limited steam supply, or buildup of
thick protective oxide layers), relocation becomes
unimportant with respect to the bulk fuel
temperature excursions, although it can still
Influence local temperature distributions.

CONCLUDING REMARKS

Relocation of molten Zircaloy occurs whenever a
portion of the cladding is metallic upon reaching
the cladding melting temperature.

In CANDU fuel, the melt relocation tends to be
governed by the solid/liquid interfacial forces.
The effect of gravity on relocation is minor due
to the fuel design features (thin-walled cladding,
horizontal orientation and small mass/unit length).

Two relocation modes have been observed, viz:

(a) inter-element relocation which involves the
movement of melt into the subchannels of a
settled fuel bundle; and

(b) Intra-element relocation which Involves the
movement of melt into the cavities of the
(X>2 matrix.

The conditions governing these two modes of
relocation are as follows:
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Inter-element relocation is pronounced in very
rapid fuel heatup transients (dT/dt 10°C/s) or
in slower transients which involve steam
starvation. For these conditions, the extent of
relocation is approximately proportional to the
extent of inter-element contact.

Intra-element relocation is dominant at
moderate and slow heatup rates. The extent of
relocation Is governed by the availability of
UO2 capillaries.

The melt relocation results In surface area
reduction of the metal relative to Its
pre-relocatlon geometry. This, in turn, results
in a corresponding reduction of exothermic
metal/water reaction heat.

Simple models are proposed for use in the
CHAN-II[11] computer code which span a range of
relocation processes and governing conditions.
Sensitivity analyses show that melt relocation can
be an important fuel-heatup limiting phenomenon
under certain circumstances (such as fast
temperature excursions In unlimited steam) while
it is of secondary Importance If other HHR
rate-limiting phenomena are available.
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M E INTERACTION AND DISSOLUTION OF SOLID UO2 BY
MOLTEN ZIRCALOY-4 CLADDING IN AN INERT ATMOSPHERE OR STEAM
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Pinawa, Manitoba ROE 1L0

ABSTRACT EXPERIMENTAL PROCEDURE

The d i s s o l u t i o n of s o l i d U02 by molten
Zircaloy-4 cladding, and structural changes in the
UO, matrix, have been investigated at « 2000'C,
using internally heated fuel-element simulators.
Tests were carried out in an inert atmosphere or
steam.

Post-test examinations showed that the molten
cladding contains varying proportions of uranium
and oxygen that come from the partial dissolution
of the UO,. In the presence of steaa, the exter-
nal cladding surface also reacts to fora zirconium
oxide, the formation of which is a function of
heating rate, time and tenperature.

The maximum amount of UO2 dissolved by the
molten Zircaloy-4 cladding was 6 vol.Z in the
inert atmosphere; the typical amount was 0.3 to
1 vol.%. In steam, the maximum amount was
0.5 vol.%.

INTRODUCTION

In postulated reactor accidents involving a
loss of coolant and impaired cooling, nuclear fuel
elements may reach temperatures sufficiently high
to cause reactions between the uranium dioxide
(UO )̂ fuel pe l le t s and the Zirc«loy-4 cladding.
At temperatures above the melting point of the
Zircaloy-4 cladding (1760 ± 10*C [1]), i t has been
observed [2,3J that molten cladding can partially
dissolve some of the solid U02 pellet, and that
structural changes occur in the U02. Any dissolu-
tion of the U02 pellet by molten cladding, or any
structural change occurring in the pellet, nay
result in an increased fission-product release
from the U02 and embrlttleacnt of the cladding.

The driving force for the reaction is the
diffusion of oxygen from the U02 into the clad-
ding. In an oxidizing atmosphere, such as steaa,
the extent of the interaction between the U02 and
the molten cladding might be less than in an inert
atmosphere, because the melt would be partly satu-
rated with oxygen, due to the chemical reaction
with the (teaa. Hence, Che driving force for the
dissolution of the U02 by aolten cladding would be
reduced.

The work discussed in this paper was undertaken
to determine the reaction of solid U02 with, and
dissolution by, molten cladding and to ascertain
Che influence of the type of atmosphere, inert or
steam, on these phenomena.

The i n t e r a c t i o n between U02 and molten
Zircaloy-4 was studied in cite teat apparatus shown
in Figure 1. The fuel-element simulator consisted
of an internal tungsten heater surrounded by
annular h igh-dens i ty (10.55 to 10.65 Mg/aO
stoichiometrlc U02 pellets contained in standard,
CANDU-PHWR , Zircaloy-4 fuel cladding. The
dimensions of the simulator parts were as follows:
tungsten heater, 6.00 mm in diameter; U02 pellet,
6.10 mm ID, 14.27 mm OD; and fuel cladding,
15.24 mm nominal OD with °-42 am wall thickness.
The simulator was positioned horizontally in a
quartz containment tube so that the melting
behaviour could be viewed and recorded.

100 kUA Temp
r| &Pow«r

Controtta*

FIGURE 1: SCHEMATIC OF THE TEST ASSEMBLY USED TO
STUDY THE INTERACTION AND DISSOLUTION
OF SOLID U0, BY MOLTEN ZIRCALOY-4 CLAD-
DING IN AN INERT ATMOSPHERE OR STEAM.

During a typical test, power was fed from a
100 kV.A power/temperature controller to the
tungsten heater (melting point 341.0'C) via water-
cooled copper electrodes. Temperatures were mea-
sured at one location on Che top central portion
of the simulator by three or four emissivity-
insensitive dual-wavelengCh pyrometers, which
operate In the range 750*C to 35OO*c. The
differential expansion of the U02 and Zircaloy-4
on heating to high temperature provided the only
contact pressure.

For the inert atmosphere tests, the 250-mm long
horizontal simulator was usually heated at
10-20'C/s to 1600'C, and Chen at approximately

* CANadlan £eutcriua Uranium - Pressurized Heavy
Hater Reactor
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l°C/s Co Che required cest cempecacure. The
simulators were held aC cladding surface tempera-
tures (» 2000°C) in excess of the melting point of
the cladding for 1 s Co 10 min. Several tests
were also carried out at heating rates of 10°C/s
and 35°C/s, above 1600°C. For the tests in steam,
the simulators were heated at various rates
(l"C/s, 10"C/s and > 35°C/s) to - 2000°C and
cooled.

After each experiment, the simulators were
encapsulated in epoxy, sectioned and polished.
They were then examined metallographically, and by
Scanning Electron Microscopy (SEM) and Scanning
Auger Microscopy (SAM) to identify the reaction
products. The cladding was chemically analyzed
for uranium content.

RESULTS

For simulators heated at faster rates, e.g. ,
35°C/s above 1600''C, the molten Zi~caloy-* no
longer completely wetted the UO2 p e l l e t s . The
tops of the U02 pellets were uncovered and some of
the molten Zircaloy-4 flowed to the bottom of the
horizontal simulators.

The extent of the interaction depends on the
degree of wett ing oc the U02 by the molten
Zircaloy-4; the wettingj in turn, depends strong-
ly on the oxygen content of the Zircaloy-4. It is
generally known that a liquid oxide, or a liquid
metal containing dissolved oxygen, wets a solid
oxide better than an oxygen-free liquid metal.
This i s c e r t a i n l y true for the UC^/liquid
Zircaloy-4 system, where pure Zircaloy-4 wets U02

poorly, but oxygen-saturated o-Zr(O) wets U02 well
[4] . Hence, when Zircaloy-4 is heated slowly,
thus having more time to react with the U02 and to
pick up oxygen, i t wets the U02 better than when
heated at a faster rate.

Inert Atmosphere

For the tests carried out at a heating rate of
1 °C/s above 1600°C in an Inert atmosphere, the
molten Zircaloy-4 cladding covered the UO2 pellets
around their complete circumference• In no case
did the molten cladding flow off and drip to the
catch tray located below the assembly. Figure 2
shows a typical cross-section of a simulator after
being heated at a surface temperature of 2U00°C
for 1 min. A large amount of UO, (melting point
2665*0 has melted around the heater. The
remaining UO2 near the Zircaloy-4 has not melted,
but considerable interaction has occurred between
the U02 and the molten Zircaloy-4. This inter-
action resulted in an apparent volume increase of
the cladding.

FIGURE 2: TRANSVERSE CROSS-SECTION OF FUEL-
ELEMENT SIMULATOR AFTER BEING HEATED TO
A SURFACE TEMPERATURE OF 2000 *C FOR
I min. SHOWN ARE (a) TUNGSTEN HEATER,
(b) MOLTEN U0-, (c ) UO,, AND (d) MOLTEN
ZIRCALOY-4 CLADDING.

Raising Che temperature to 2000°C caused a l l of
the Zirca loy-4 to melt and the melt c o n s i s t s of
the o r i g i n a l Zirca loy-4 cladding plus varying
amounts of uranium and oxygen, a r i s i n g from the
p a r t i a l d i s s o l u t i o n of the U02 by the molten c l a d -
ding, i . e . , a ( Z r , U , 0 ) - a l l o y phase. During the
cool-down, the a l l o y phases transforms to oxygen-
s t a b i l i z e d a-Zr(0) and a (U,Zr) -a l loy phase, as
shown in Figure 3 .

Steam

In steam, the Zircaloy-4 cladding reacts with
the steam Co form zirconium oxide (ZrO.) on the
exterior surface of the cladding. The formation
of the ZrO2 is heating-rate, time and temperature
dependent. Figure 4 shown a typical cross-section
of a simulator after being heated at 10°C/s, in
steam, to a surface temperature of » 2000"C.
Again, as in Figure 2, a significant amount of U02

has melted around the central heater. However, in
this case, a gap has formed between some sections
of Che cladding and the U02, due to the lattice
expansion of the zirconium as It forms ZrO2.

FIGURE 3: TYPICAL HICROSTRUCTURE OBTAINED WHEN
THE CLADDING REACTED WITH THE U0, TO
FORM A (Zr,U,O)-ALLOY PHASE. SHOWN ARE
(a) U0,, AND (b) THE (Zr.U.O)-ALLOY
PHASE TRANSFORMED INTO (c) crZr(O) AND
(d) (U.Zr)-ALLOY PHASE DURING COOL-
DOWN.
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lmm
FIGURE 4: TRANSVERSE CROSS-SECTION OF A FUEL-

ELEMENT SIMULATOR HEATED AT 1 0 ' C / s , IN
STEAM, TO A SURF/.CE TEMPERATURE OF
» 2000 *C. SHOWN ARE ( a ) TUNGSTEN
HEATER, (b ) MOLTEN UO,, ( c ) UO,, (d)
GAP, AND ( e ) MOLTJfN ZIRCALOY-4
CLADDING.

FIGURE 5; TYPICAL MICROSTRUCTURE OBTAINED WHEN
THE CLADDING TEMPERATURE DID NOT EXCEED
THE MELTING POINT. SHOWN ARE ( • ) UOj,
( b ) GAP, ( c ) orZr(O) , ( d ) ZrO2 w i t h
o-Zr(O) STRINGERS, AND ( • ) ZrOj.

Figure S shows th« t y p i c a l n lcroscruccurc of
the cladding when there la a gap between the c l a d -
d i n g and UO,. Because of the gap, the cladding
did not melt. The cladding microstructure
i n c l u d e s a chin o u t e r l a y e r of ZrO2 which,
although plast ic at elevated temperatures, i s
br i t t l e at room temperatures and thut contain*
cracks. Immediately below this outer layer Is

ZrO, with a-Zr(O) s t r i n g e r s . The s t r i n g e r s
contain » 6.0 to 6.5 wt.% oxygen [ 5 ] . The inner
layer i s oxygen-stabilized a-Zr(O).

On another part of the same simulator, the
oxygen-saturated a-Zr(O) phase between the ZrO2

and UO2 was completely melted, (see Figure 6) .
The orZr, containing large amounts of oxygen,
melted between the ZrO, and Che U02 pel let to form
a (Zr ,U ,0 ) -aUoy phase. At the U0,/Zircaloy-4
interface, the molten (Zr,U,0)-alloy phase reacted
with the U02> Of particular interest i s the reac-
tion of the (Zr,U,0)-alloy phase chat flowed into
the UO, crack. In tes ts in the inert atmosphere,
the molten (Zr,U,0)-alloy phase flowed into cracks
via a capillary motion. In this case, the
( Z r , U , 0 ) - a l l o y phase a l so flowed in to the UO.,
crack, but then reacted to form a uraniunr-rich
phase.

FIGURE 6: PHOTOMICROGRAPH OF U02/ZIRCALOY-4
HEATED IK A STEAM ATMOSPHERE AT lO°C/s
TO APPROXIMATELY 2000°C. SHOWN ARE (a)
UO2, (b) (Zr,U,O)-ALLOY PHASE (c) ZrO2

WITH (T-Zr(O) STRINGERS, (d; ZrO,, AND
(e) (Zr,U,O)-ALLOY PHASE INGRESS INTO A
UO, CRACK.

Figure 7 shows the severely oxidized micro-
structure of a simulator heated slowly ( l°C/s) to
about 2000°C. The presence of steam has resulted
in the oxidation of the cladding exterior surface.
The interact ion of the Zircaloy-4 and the UO2 has
apparently also completely oxidized the interior
surface of the Zircaloy-4. Between these two
oxidized layers, two metallic phases were present.
One phase contained zirconium and t in , and the
other phase contained zirconium, iron and
chromium. The location of the two metallic phases
in the cladding determines the rate of reaction,
on the outside of the cladding, with steam and, on
the i n s i d e , with the UO,. Similar results have
been reported previously [5J for the oxidation of
Zircaloy-4,

The amount of uranium dissolved by the cladding
was determined by chemical ana lys i s and by
Scanning Auger Microscopy. The results show that
molten cladding reacts with solid U02 to dissolve
some of i t . In the inert atmosphere, less than
54 wt.2 uranium was dissolved by the molten clad-
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FIGURE 7: PHOTOMICROGRAPH OF UO,/ZIRCALOY-4
HEATED IN STEAM AT l ' C / s TO ABOUT
2000*C. SHOWN ARE ( a ) UO2 , ( b ) ZrO2

WITH a-Zr(O) STRINGERS CONTAINING
URANIUM, ( c ) ALLOYS OF (Zr.Sn) AND
( Z r . F e . C r ) , ( d ) ZrO 2 WITH a-Zr(O)
STRINGERS, AND ( e ) ZrO2.

d i n g . In steam, l e s s Chan 7.1 vt.Z uranium was
dissolved.

DISCUSSION

Depending on che oxygen concenc, the cladding
melted over a range of temperatures from 176O°C to
1970°C, the melting point of oxygen-stabilized
o-Zr(O). The ZrO2 (melting point 2665'C) did not
melt. On reaching 2000'C, al l at Che cladding,
e x c e p t ZrO2, melted to form a homogeneous
(Zr,U,0)-alloy phase.

The transformation of the (Zr,U,0)-alloy phase
during cooldown appears to be oxygen dependent
(6). With a lower oxygen content In solution, two
metallic phases exist in the refrosen melts, i . e . ,
a (U,Zr)-alloy phase of high, but varying, uranium
content, and oxygen~stabllized orZr(O). Figure 8
shows the typical microstructure that resulted
when molten Zircaloy-4 cladding flowed into a U02

crack via capillary motion. The reaction between
the cladding and the U02 has resulted in the
formation of the (U.Zr)-alloy phase and oxygen-
stabi l ized tr-Zr(O). Th« great aff inity of
zirconium for oxygen has also resulted in the
presence of non-equilibrium metallic uranium at
the U0 2 / (Zr ,U ,0 ) -a l loy interface. With high
oxygen content In solution, the homogeneous phase
forms two metallic phases and one ceramic phase:
(a) an oxygen-stabilized cr-Zr(O) phase containing
varying amounts of uranium, (b) a metallic
uranium-rich (U,Zr)-alloy phase, and (c) a ceramic
(U,Zr)O2 phase with low, but varying, zirconium
content. According to the equilibrium phase
diagram, on* metallic phase, arZr(O), is in
equilibrium with two ceramic phases, U02 and ZrO2,
and no (U.Zr)-alloy should be present. For the
non-equilibrium conditions in this work, a single

MOLTEN CLADDING FLOWED INTO CRACK
VIA CAPILLARY MOTION. SHOWN ARE (a)
U O 2 , ( b ) (U.Zr)-ALLOY PHASE, ( O
OXYGEN-STABILIZED orZr(O), AND (d)
METALLIC URANIUM.

( U , Z r ) 0 , phase , varying in uranium and zirconium
c o n c e n t r a t i o n s , rather than the separate UO-̂  and
ZrO2 c o n s t i t u e n t s , was present ae room tempera-
ture.

The i n t e r a c t i o n of U0-, and molten Zircaloy-4
a l s o a f f e c t s the overal l U02 microstructure. The
molten homogeneous (Zr.U.O'J-alloy phase reacts
with so l id UO, to pick up more uranium and oxygen.
The UO, i s consequent ly reduced Co V°2-x ( s e e

Figure 9 ) . When the U0,_ x i s further depleted in
oxygen , the UO2_X/U s o l v u s boundary of the U-0
phase diagrao i s reached. At this point , l iquid
uranium forms in the "02_x< On cooling to room
temperature , the U02 plus l iquid uranium forms
s t o i c h i m e t r i c U02 an<f cc-U along the U02 g r a i n
b o u n d a r i e s , and in the U02 g r a i n s . A t y p i c a l
example of crU formation in s o l i d U02 i s shown in
Figure 10. Under cer ta in circumstances, the
reaction of steam with metal l ic uranium can resu l t
in p a r t i a l , or t o t a l , powdering of the U02 .

A u,.
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\ ' '

*"° t * ' \ 1 pi
| \
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FIGURE 9 : THE URANIUM-OXYGEN PHASE DIAGRAM.
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The daca of Hofmann ec al [i,/\ suggested thai:
9 .2 v o l . 2 UO, could react with the cladding. One
of the major alms of th i s work was to determine
the volume percent of UOj that could be dissolved
by molten cladding, in an inert atmosphere, or In
steam.

The amount of uranium (or U02) dissolved by the
cladding i s a function of cladding volume re la t ive
to the UO2 volume. Larger cladding volumes w i l l
d i s so lve more UO,. Figure 11 shows the calculated
decrease in the UO7 p e l l e t volume as a function of
the U02 content in the cladding, for three typica l
c l a d d i n g and UO2 dimensions. I t can be seen that
fuel rods having l e s s cladding volume, such as
those in the Pickering and Bruce CANDU reactors ,
d i s s o l v e l e s s U02 than f u e l rods having larger
cladding volumes.

The volume percent of U02 d i s s o l v e d by the
molten cladding, in the inert and steam atmo-
spheres, i s shown in Figure 12 as a function of
the frequency of occurrence. For the dimensions
of the Pickering Zircaloy-4 cladding and U02 used
i n t h i s work, l e s s t h a n 6 vo l .S i of UO2 "as
disso lved in the inert atmosphere. This was,
however, the maximum; the average was from 0.5 to
1.0 v o l . Z U02- For the t e s t s in steam, even l e s s
U02 was dissolved in the (Zr,tf,0)-alloy phase,
probably due to the reduced driving force for the
dissolution of U02.

FIGURE 1 0 : PHOTOMICROGRAPH OF UO, SEGREGATION
ALONG THE UO? GRAIN BOUNDARIES AND
WITHIN THE U 0 2 GRAINS.

U0 2 DISSOLVED, VOL. %

FIGURE 1 2 : VOLUME PERCENT OF UO, DISSOLVED AS A
FUNCTION OF THE FREQUENCY OF
OCCURRENCE ..'OR TESTS IN STEAM AND
INERT ATMOSPHERE.

10 20 30 40 50 60
UO. contml In ctafdtog. wt.%

FIGURE U : UO, PELLET VOLUME DECREASE AS A
FUNCTION OF THE U 0 2 CONTENT IN THE
CLADDING. THE CLADDING OUTSIDE DIMEN-
SIONS AND THICKNESSES, IN o a , ARE
GIVEN.

CONCLUSIONS

In t h i s work., U02 d i s s o l u t i o n by molten
Zircaloy-4 cladding, and structural changes in the
U02 matrix, have been studied at » 2000°C in an
inert atmosphere, and in steam.

I n an i n e r t a tmosphere , l'O2 and molten
Zircaloy-4 in teract to form a homogeneous
(Zr,U,0)-alloy phase at temperatures above 197O°C,
the malting point of oxygen-stabilized <r-Zr(O).
The (Zr,U,0)-alloy phase decomposes during cool-
down, to form two metallic phases when the oxygen
content of the alloy i s low, and two metallic
phase* and one ceramic phase when the oxygen
content of the alloy la high. The maximum amount
of UO, d i s s o l v e d by the molten cladding was
6 vol.Z; the average was 0.5 to 1.0 vol.Z.

In steam, Zircaloy-4 also reacts with oxygen to
form zirconium oxide, the formation of which is a
function of heating rate, time and temperature.
The amount of interaction between U02 and molten
Zircaloy-4 i s less than that in ai. inert atmo-
sphere.
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ABSTRACT

A 37-elenent CANDU fuel bundle as subjected to
superheated steam from a oxy-hydrogen torch while
in a ballooned pressure tube and allowed to react
until the zirconium water reaction had occurred.
The test bundle was examined for geometry changes
and to determine whether molten material had formed
and how it moved.

INTRODUCTION

Accident analysis for CANDU reactors addresses
the complete range of pipe break size and location
in the primary heat transport piping system. In
this analysis, coincident failure of the Emergency
Coolant Injection System to operate on demand is
also postulated, leading to severely degraded core
cooling conditions for an indefinite period of
time. As a result the fuel and pressure tube
temperatures will rise and soas fuel sheaths will
undergo the exothermic zirconium-steam reaction
while the pressure tube sags or strains radially
into contact with its calandria tub*. Heat
transfer will then occur from the fuel through the
pressure tube and calandria tube to the cool
moderator. Analysis (1,2) has shown that although
fuel temperatures can exceed 2000*0 and that the
(T02~Zr reaction may occur (3) temperatures do not
exceed the U02 melting point of 2850*c. The
experiment described below is one in a series
intended to determine the extent of bundle
deformation at high temperatures and the
characteristics of molten material formation and
movement.

The conditions in this test were representative
of accident scenarios (1,2) in which the fuel and
pressure tube heat up while the system pressure,
although rapidly decreasing, is still high enough
to cause the hot pressure tube to strain into full
circumferential contact with its calandria tube.
This establishes an effective heat transfer path to
the moderator, which maintains the pressure
tube/calandria tube at low temperatures (about
200*c) and allows steam to bypass the bundle. The
bundle was contained in a section of zr-2.5% NB

pressure tube, which had been strained radially
18 percent such that it would fully contact the
calandria tube. This provided greater clearance
for the bundle to deform under its own weight. The
upstream end plate was directly viewed by the
optical pyrometer and video camera. The bundle was
also viewed by a video camera through a downstream
port. The outside of the pressure tube was cooled
with plant steam, however, it? temperature was kept
relatively high, between 600°C and 300°c, to ensure
high fuel temperatures would be achieved.

TEST DESCRIPTION

A single unirradiated production 37-element
CANDU fuel bundle was placed inside a test section
pressure tube and heated by highly superheated
steam from a torch fed with a stoichiometric ratio
of hydrogen and oxygen. The torch provided up to
g g/s of steam while producing 120 kw of power.
The torch steam is mixed with cooler plant steam
(120*0 to allow control of total steam flow and
temperature. Instrumentation in the tests includes
steaa flow measurement, on-line hydrogen monitors,
an enmissivity-insensitive optical pyrometer and
platinum-rhodium thermocouples for measuring fuel
cladding temperatures, and video cameras which
record bundle deformation during each test.

The external heating method in these tests will
causa the sheaths to be hotter than the fuel during
heatup. This is not true for the reactor accident
case which has decay power heating when the sheath
is at lower temperatures (less than 1600"c).
However, above 1600*C the Zircaloy/water oxidation
reaction becomes the dominant heat 3ource so that
the sheaths may well be hotter than the fuel for
both this experiment and the accident analysis
cases.

The test apparatus consisted of an oxy-hydrogen
torch, an externally cooled and radially crept
cylindrical zirconium pressure tube test section,
an unirradiated 37-element fuel bundle, a cooling
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section to condense steam that had passed through
the bundle, a water trap tank to collect condensate
and to allow the venting of hydrogen, an effluent
air flow system to dissipate and monitor hydrogen
production and appropriate cooling and control
devices. A double end plate was used at the
upstream end of the bundle to prevent direct
impingement of the hot gasses on the supporting end
plate and avoid premature collapse of the bundle•
Instrumentation to monitor temperatures, flows,
pressures, and hydrogen and oxygen concentrations
was also provided. A schematic of the loop is
3hown in Figure 1 and a photograph of the test
apparatus is presented in Figure 2. Details of the
test section are shown in Figure 3.

Water was provided to cool the outside of the
test section, and the condenser water jacket. A
measured and controlled supply of plant steam at a
maximum temperature of 120°C was available around
the torch tip and through a manifold. Figure 2 Photograph of high temperature bundle

heatup loop

Figure 1 Shematic of high temperature bundle
heatup loop

Figure 3 The test section view

A torch burning a stoichiometric mixture of
oxygen and hydrogen could be expected to have a
maximum temperature of 2480°C. In order to prevent
the front of the bundle from overheating early in
the transient/ stean was mixed with the steam
coming from the torch. The annulus manifold system
just downstream of the torch provided cool (120°C)
plant steaa to the test section where the two
streams would mix before reaching the bundle* Thus
sone control of the steam temperature could be
achieved by adding more or less of the cool steam.

Figure 4 Bruce 37-element fuel bundle
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The fuel, bundle was instrumented with
platinum-rhodium thermocouples which were directly
welded to the fuel sheaths, and insulated with high
purity alumina tubes (melting temperature
approximately 1950"C). Melt wires of nigh purity
noble metals were used to confirm the temperatures.
Holes were dril led in fuel pe l le ts and special
inert melt wires were installed with melting
temperatures between 1769"c and 1910°c .
Location of these wires are shown in Figures 4 and
5 . F igure 6 shows a l l the thermocouple
instrumentation.

_. ft IB Bl

Dla. PlaUnuai Alloy R SI a
Ulrti

ft UI Ml

HCLTIHC fOIHT 1H T*C1

flatiiw - «lf. I7«
ft - U Ml 1S10
n - u» «» )«o
ft - 301 m 1910

Figure 5 Position of the platinum wired pellets in
the 37-element fuel bundle

The test was conducted as follows. The test
chamber was isolated from atmosphere, pumped down
with a vacuum pump and backfilled with argon gas.
The hydrogen torch was ignited with the spark
igniter while hydrogen and oxygen were supplied to
the torch in a stoichionetric ratio which produced
9 g.s~L of superheated steam and resulted in 120 kW
of heat. The control valves for the hydrogen and
oxygen gas had been preset prior to the test to
ensure a atoichionetric ratio with a slight excess
of hydrogen. When the torch was ignited the plant
steam was turned on to provide about 20 g.s-1' of
cool plant steam to mil', with the steam produced by
the torch. T>-is condition was maintained for
approximately 220 seconds in order to preheat the
bundle and minimize temperature gradients. The
fuel bundle temperatures rose to between 800 and
1000°C. At 220 s the cool plant steam flow was
reduced to 4.5 g/s. The temperature of the steam
impinging on the front of the bundle was calculated
to be 1750'C.

The temperature of the fuel bundle rose until
the zirconium/steam team reaction became rapid and
heated part* of Hie fu*l beyond the J750*C inlet
steam temperature. After 580 second* the torch was
shut off and the plant steam flow was set at
3.5 g.s"1 and the test section was allowed to cool*
The test section was carefully dismantled and the
fuel bundle was photographed and measurements of
deformations were made. The fuel bundle was potted
with a low viscosity epoxy resin in its zirconium
pressure tube and then sectioned radially and
axially.

270'

Figure 6 Position of thermocouples in the
37-element fuel bundle

Observations and Discussion

The upstream and downstream video cameras
allowed the observation of the bundle during the
teat and the timing of events relative to other
measured parameters. The upstream and downstream
appearance of the bundle during the preheat phase
of the test showed the bundle was near its normal
geometry. When the bypass steam flow was reduced
the light from the front of the bundle increased to
extreme intensity very rapidly . Molten material
was seen at the front end plate. After this event
which occured in a matter of a few seconds, the
intensity of light from the front of the bundle
decreased.

The view through the back of the bundle was less
eventful as the bundle appeared to have a clear
flow path throughout the test. Some bright areas
occurred at the same time as the front video
recorded the formation of molten material. Some
minor subchannels disappeared during the test but
it was not possible to distinguish between element
bow or the formation and blockage by molten
materials.
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The temperature transients recorded by the
optical pyrometer afld fuel thermocouples are shown
in Figures 7, a and 9. The optical pyrometer
records a very rapid escalation to a peak
temperature of 2050°C at about 240 s which agrees
with the video abaecva.tijons. Jitter the geajn the
temperature cooled and stabilized at 1700"C. No
thermocouples recorded temperatures aa high as this
since they melt at 1769°c. Nevertheless, the
thermocouples indicated that the front of the
bundle got the hottest while the back end at the
bottom was the coolest. The outer alenents ware
cooler than the central elements as th«y ware
radiating to the much cooler pressure tuba. The
thermocouples at the top and along the length of
the bundle all peaked at about 1500°c. The bottom
element only reached about 1000*c at th« front and
600°c at the downstream end. Temperatures recorded
at the mid-plane reached about 1500°C in the
interior of the bundle and at the time the torch
was turned off one thermocouple was heating at a
fairly rapid rate (approximately 6°C/s).

The melt wires generally confirmed the above
information. At two upstream planes the malt wires
had melted indicating the fuel temperatures had
reached 1770*0 to 191O"C. The centre melt wires
had not melted.

The hydrogen measurements are recorded in
Figure 10. The transient information at less than
200 s is due to adjustments made to the torch.
During the period of rapid hydrogen evolution (240
to 500 s) about 52 i <at STP) of hydrogen gas was
evolved. The timing of hydrogen evolution
corresponds to the period of maximum temperature
recorded by the optical pyrometer.

Figure 8a Optical pryrometer (front) and top
temperatures — front middle and back

Figure 8b Optical pryrometer (front) and side
temperatures — front middle and back

Figure 9a Optical pryrometer (front) and back end
of bundle thermocouple top, middle and bottom

Figure 7a Optical pryrometer (front) and bottom
thermocouples at front middle and back of bundle UrtTIMCHOUIC CMHHW

It, Ntll* t

Figure 9b Optical pryrometer (front) and pressure
tube temperature at top of tube

Figure 7b Optical pryrometer (front) and mid
plane temperatures — top side and bottom
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Figure 10 Hydrogen concentration in exit gases
and cumulative hydrogen volume during test

Figures 11 to 13 show the appearance of the
bundle after the test. The front of tha bundle haa
sagged somewhat but its general arrangement was
still clearly that of a fuel bundle. Many of the
elements had broken from the front end plate which
was al3o broken in several places. Several
elements had bowed upward, probably due to theraal
contraction effects during cooldown after the
test.

Figure 11 View of upstream end of bundle after
test. Note the nugget of material at the bottom.

It is clear that part of the end plate is
missing and resolidified materials can be seen en
the end of f,e bundle. A nugget had solidified In
front of t'.ie upstream endplate. Analysis showed
this to be mostly zirconium (from the endcaps and
front end plates) with a small amount of uranium
present. The volume of the solidified material was
approximately 15 cm3 with a aaxiauu depth of
1.5 cat. The upstream view of the bundle in
Figure 11 shows the nugget. The large volume of
the nugget appears to be an artifact of this test
where high steam temperatures impinge the front of
the bundle and the test bundle lacked the restraint
of another upstream bundle.

Figure 1.1 shows the view through the bundle with
back illumination. It clearly shows major paths
for steam to travel through the bundle. Some
smaller subchannels appear blocked.

Figures 14 to 16 show cross sections of the
bundle after it had been epoxy mounted and
sectioned. It is clear that many of the elements
had come into contact with each other during the
transient. The bundle geometry has sagged.

Figure 12 View of upstream end of bundle after
test. Note position of top element and missing
portions of endplate.

The oxidation of the sheaths is shown in
Figures 15 and 16. The figures show that where the
elements contacted each other, no zirconium oxide
was present. The contact point3 contained material
which was once molten. Since a uniform oxide layer
is formed on the outside of the sheaths during the
preheat phase, the molten material must have been
able to locally dissolve the oxide of the sheath.
This could have occurred only if there was a
limited steam access at the element contact points.
Some triangular subchannels (at certain planes)
have no sheath oxide at all and may also have had
restricted steam access. As oxidation of the
bundle proceeded, the more open subchannels built
up thick layers of oxide.

The interelement contact is important in the
relocation behaviour of molten materials in that it
provides a path for interelement movement of the
molten materials. The formation and movement of
molten materials is discussed in other papers at
this conference (5,6).

The once-molten material was observed to have
relocated to interpellet gaps, fuel pellet cracks,
interelement contact points and into triangular
subchannels. Very little interaction between the
Zircaloy and the uranium dioxide fuel was observed.
Mo major movement of once-molten materials was
observed within the bundle.

Concluding Remarks

An unirradlated CANDU fuel bundle in a radially
crept pressure tube was subjected to superheated
steam at approximately 1750*C resulting in the
sirconiun water reaction occurring. The following
conclusions are drawn.

1) The zirconium/steam reaction in this bundle
cause a maximum temperature of 2050 °C to be
reached locally near the front of the bundle.
Hid plane temperatures reached about 1S00°c.

2) The rate of temperature increase at the upstream
end of the bundle was visually observed to be
very rapid.
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Figure 13 Upstream view of bundle with back
righting. Note open subchannels in bundle.

Figure 15
plate.

Cross section 61 mm from front end

Figure 14 Cross saction of bundia 30 mm from
the front end plate. Note the oxidation of the
sheaths and the element contact points. Some
molten material can be seen in subchannels.

Figure 16 Cross saction of bundle at bundle
mldplane. Sheaths are not as oxidized as further
upstream.

3) Although very high temperatures were generally
reached, the bundle geometry was generally
maintained and good coolant access waa available
through th« larger lubchannals In tha bundia,
throughout tha taat.

4) Holtmn materials wara formed and were found to
hava ralocatad to interpellet gapa and fual
pellet cracks and ragions of interelement
contact. Tha oxidation pattarn on tha fual
sheaths suggests interelement contact is
important in relocation of molten aiatarials.
This is by virtua of tha axclusion of staam from
tha contacting surfacer which causas tha
dissolution of tha previously formed oxides.
This opens a path fox molten material to move.

5) Molten materials only moved very locally in this
teat with the exception of the front of the
bundle where portions of the end cap and end
I. late material melted.

6) All the tests in the series (4) are consistent
in that bundle geometries are maintained.
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PICKERING LARGE SCALE RIEL CHANNEL REPLACEMENT

SEPARATION OF PRESSURE TUBE ROLLED JOINTS Bif RAPID INDUCTION HEATING

D.F. PRITCHARD

Ontario Hydro, Pickering NGS-A

M.B. CENANOVIC

Ontario Hydro Research Division

ABSTRACT

The process of high frequency or "Rapid
Induction Heating" has been applied to Rolled
Joints (R/J) to separate the Pressure Tube (P/T)
from the End Fitting (E/F) in the Pickering "A"
Reactors (Fig 1). This process was developed by
Ontario Hydro Research Division (OHR) for use on
the Large Scale Fuel Channel Replacement Program
(LSFCRP) so that the east End Fittings could be
left in place and reused.

FIGURE 1
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FIGURE 2

INDUCTION HEATING PROCESS

Induction heating makes use of the induction
principle whereby the load coil is positioned
inside the workpiece (i.e. the P/T) (Fig 2). A
magnetic field produced by alternating current in
the load coil, in turn produces eddy currents in
the P/T. The eddy currents heat the P/T as a
result of I2R losses, where I is the induced
current and R is the resistance of the tube
material.

The basic principle responsible for reducing
the P/T diameter can be explained as follows:
Mien the P/T heats up, it tries to expand
against the E/F. Since the E/F is colder and
much more massive, the P/T cannot expand
radially. The heating energy is then stored
elastically in the P/T until the energy source is
switched off. This stored energy is then
released in a form which contracts the P/T
radially and thus creates a gap. A series of
heating and cooling cycles are required to
achieve the desired amount of diametral reduction
for easy removal.

At sane point during the cycles the P/T
diameter is sufficiently reduced that it can not
expand enough to cone in contact with the E/F, the
energy storage and relief phenomenon must then
occur within the tube itself. That is, the
expansion of the hot inner ring of the tube is
restrained by the colder outer ring and the energy
release pattern is repeated. This aspect of the
shrinkage is not fully understood but it occurs
predictably and repeatably, which satisfies the
need.

Keys to Optimum Reduction

Two keys to optimize the diametral reduction of
the tube are rapid heating of a thin inner ring of
material (approx 2 rim of the 5 mm P/T thickness)
and rapid cooling.

Rapid heating maximizes the thermal gradient
through the tube during the heating cycle and thus
keeps the E/F temperature low at all times. Rapid
cooling (in our application, pressurized air is
used) increases the thermal shock effect and
improves the degree of diametral reduction on each
cycle. It also reduces the cooling time
appreciably which is very important when
considering the cost of reactor outage time.
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Process Constraints

Three process constraints are:

1. The possibility of heating and thus
loosening the liner tube. This would
prevent leak testing the new P/T S/J since
one seal is act the liner tube R/J.

2. Exceeding the transformation temperature of
the E/F material. Since the E/F will be
reused the metallurgical properties must be
maintained. The transformation temperature
is 622'C but the process limit has been set
at 580°C.

3. Melting the P/T. The malting temperature
of Zircoloy 2 is about 1400*C. The process
heats the P/T to approximately 1000 *C. on
the inner skin and nuch less through the
P/T wall.

In the development program, the dummy
specimens were thermo-coupled by drilling holes
through the E/F to monitor the interface tem-
perature. Other thermocouples were mounted on
the inside of the P/T and still others were
mounted at the liner tube rolled joint.

The first constraint is taken into account in
the load coil design and position, the second and
third constraint in the frequency selection (125k
Hz) and he: ting duration (28 sec for a power
cycle.)

The theoretical diametral reduction to clear
the P/T from the E/F grooves is .076" (1.9mm).
Over .160" (4 mm) has been achieved en seme
joints with good consistency above .100" (2.54mm)
reduction.

EQUIPMENT DESCRIPTION AND OPERATION
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FIGURE 3

The equipment consists of the following:

a) Induction Heating Generator,

b) Load Coil Transformer (LCT)

c) Transmission Line (T/L)

d) Load Coil (Contained in the Head Package)

e) Transmission Line Support

f) 400 kVA Input Transformer

g) Oscillator Tube Section (OTS) and Cooling
System

h) Computer HP85

i) Programmable power supply HP 59501A

j) Data Acquisition system HP 3497A

k) Capacitive Voltage Divider

1) Current Transformer

m) Clarke Hess RF meter model 255

The Induction Heating Generator, consists of a
DC power supply and an Oscillator Tube Section
(OTS). The DC power supply is essentially a
3-phase diode bridge supplied with AC power
through saturable reactors on each line of the
secondary of the rectifier transformer. The
saturable reactors and the rectifier transformer
are both internal to the DC Power Supply.

The saturable reactors are used as a variable
series impedance in the lines connected to the
rectifier bridge. The value of this impedance is
controlled by the DC current through its control
coil. The magnitude of the AC input voltage to
the bridge is thus controlled and as a result the
magnitude of the DC output voltage from the
bridge; a range of adjustment from 5kV DC to 15
kV DC is possible. The output voltage from the
DC Power supply is used to supply the OTS. The
OTS is essentially a modified Hartley oscillator,
designed for Class C operation. The basic com-
ponents are a multi tap tank inductor, an 8 x
0.0076 yu.'S tank capacitor bank and a triode
oscillator tube (ITT7560), all these components
are water cooled. The power output from the
oscillator can be adjusted via the DC input
voltage into the OTS. The frequency can be
adjusted by proper selection of the tap on the
tank coil. The oscillator tube grid must be
properly biased for proper Class C operation.
Adjustment of the grid setting or tuning of the
OTS is done according to the manufacturer's
instruction. Tuning must be done with the
transmission line, load coil transformer and load
coil connected and placed in the work piece. The
tuning is accomplished ty varying the position of
a small coil which is magnetically coupled and
concentric with the tank coil inside the OTS
cabinet, the voltage induced in this coil is used
as a feed back into the oscillator tube's grid.
The set is tuned whan the impedance of the load is
matched with the impedance of the generator.
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A servo motor is provided for remote grid
adjustment and various interlocks are provided
for personnel and equipment safety.

The Load Coil Transformer is an air core
transformer with both the primary and the
secondary side water cooled. the transformer
ratio is 4:1 with the high voltage side connected
to the OTS and the low voltage side connected to
the Transmission Line. One side of the secondary
must be grounded.

The Transmission Line is composed of two long
copper plate conductors soldered onto hollow
rectangular copper tubing and enclosed in a
cylindrical aluminum tube which shields the
surroundings from the radio frequency (RF)
field. These copper conductors are also water
cooled. The aluminum shield also encloses air
lines which supply cooling air to the work
piece. The air supply must be dry and oil free.
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FIGURE 4

The coil (Fig 4) (which is the main part of
the Head Package) is made from hollow rectangular
tubing wound on a mandrel with silver soldered
terminals. The spacings of the turns are
important to give a uniform heat profile
(Fig 5). olote they are closer together at the
ends than in the centre. This in turn produces
more uniform tube reduction.

The software which controls and monitors the
system is written in HP-a5 BASIC language and is
constructed in an interactive mode to simplify the
operator-machine interface. The software program
is stored on a cassette cartridge for easy
handling.

When the control and monitoring system is
activated, the software checks the initial status
of the computer system and the induction heating
generator to ensure that all systf s are operating
properly.

Once the operator is satisfied with the
conditions of the system, the heating cycle can be
initiated. All control signals are preprogrammed
and once initiated, the entire heating and cooling
cycle is controlled by the computer.

EMring the heating cycle, the computer samples
various data and upon completion prints it out
in tabular from for future reference.

The duration of the heating cycle is a
critical parameter for the rolled joint
separation process; therefore two watch-dog
timers and one real-time clock are programmed to
monitor the cycle time. If the preset duration
is exceeded and the computer fails to stop the
process, the software will output warning '
messages on the display screen for the operator
to manually shut down the heating system.

QUALIFICATION PROGRAM

The development of the process as mentioned
earlier was carried out at OHR. The
qualification program for reusing the east E/F
was carried out jointly at OHR and Canadian
General Electric (CGE) in Peterborough.

Once the final parameters were established by
OHR for on-reactor use (after sane SO development
joints were separated) a controlled production
sample of another 12 joints were separated.

All of the separate E/F hubs including the
development ones were sent to CGE where they were
inspected and tested.

The inspection consisted of dimensional
checks, photographing and taking molds of the E/F
R/J bores for determination of scratch depth and
profile.

The next stage was to clean the bore and Roll
Burnish* to improve the surface finish (by
rolling out scratches) and to square up the
corners of the grooves which became flattened
during the initial rolling operation. After roll
burnishing and additional dimensional checks
etc., New Zr 2.5* Nb P/T's were rolled in. These
new joints were then tested in accordance with a
procedure established jointly by AECL, CGE and
OH.

* The Roll Burnishing process has since given way
to a honing technique for removing scratches in
the E/F bore.

Figure 5
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Basically, it involved leak testing before and
after thermal cycling, pull out tests, some
sectioning of the E/F and strain gauging for
monitoring longer term effects.

The results were well within acceptable limits
for new components both on leak tightness and
pull out strength. Typically, leak rates were
10-9 cc/sec helium and pullout strengths were
120,000 ro 160,000 lb force (534,000 to
71d,000 N ) .

The next phase of testing was performed by OHR
at Chalk River Nuclear Lab on irradiated
ccnponents removed from Unit 2 Pickering reactor
in 1983/84. A sample of 3 joints were scheduled
for separation. The first attempts resulted in
melted P/T's. Extensive investigation and
hypothesizing pointed to water trapped in the E/F
grooves as the source of the problem. Rapid
superheating of the water in the grooves was
externally pressuring the hot and thus weakened
P/T to yield and bulge inward. On subsequent
heat cycles, the coil would preferentially couple
with th- closer P/T material and cause local
overheating and eventual melting. The melted P/T
would then fall onto the coil assembly and cause
coil failure as well.

The solution to this problem was to pre-warm
the P/T using snorter and lower temperature
cycles, open a gap in the R/J and to boil off the
water. Once established, this process was proven
on four dummy samples which had water injected
into the grooves. Then the remaining irradiated
joints were successfully induction heated.

The result of investigations again pointed to
"water-in-the-grooves" and a new problem of
magnetite debris in the R/J area. The magnetite
was presumably left behind after candeccn.

Two types of failure were directly related to
the magnetite debris. The first was that the
magnetite was significantly depleting the inducea
energy reaching the P/T and thus preventing
liberation of the water in the pre-warm cycles.
The second was the magnetite finding its way into
the coil via the return air path and shorting it
out.

To solve the latter problem the return air was
isolated from the coil and the magnetite was
vacuumed out of the R/J. To solve the former, a
one minute heat soak was added to the pre-war™
cycles by delaying the initiation of the cooling
air. The soaking time allows the outside of the
P/T to reach a higher temperature in order to
boil off the water.

To summarize, we are operating on both
reactors with the modified coil and the following
cyles.

CYCLES

CYCLE # HEATING TIME (SBC) COOLIMJ TIME (MJH)

1 12 20

2 14 20

3 16 20

ON-REACTOR

All of the foregoing development and
qualification work was performed using a 160 KW
induction heating generator. The hardware
purchased for reactor use was two 250 KW
induction heating sets. These higher capacity
sets would be run at the same power levels as the
160 KW equipment. The reasons for using the
larger sets were to improve reliability, by
operating well below capacity and to have the
additional power for future use when the process
could be optimized further.

The first of the 250 KW sets was ccmnissioned
by OHR at CGE and then sent to Unit 1 at
Pickering. The commissioning program added
another 18 joints successfully separated to data
base.

The second set was tried at CGE using a
modified coil, designed by OHR to improve
shrinkages at the extremities of the R/J- When
the 3hort test program using 8 joints was
completed, the set was sent to Unit 2 at
Pickering.

While the second set was being commissioned,
the first set was performing well on Unit 1
reactor. When the 2nd set started on-reactor
operation, a rash of failures to the equipment
and coils due to melted P/T's plagued the
program.

ALL 3 PREWARM CYCLES ARE FOLLOWED BY
A 1 MINUTE HEAT SOAK

POWER CYCLES

4 & 5

6 - 1 1

28

28

30

20

TABLE 1

The additional cooling on the first 2 power
cycles is to ensure the E/F temperature is
reduced to ambient before proceeding. In the
subsequent power cycles, the P/T does not contact
the E/F all around and therefore does not impart
as nuch heat to it. Thus the cooling time can be
reduced.

Reactor Plan

The overall reactor plan is to complete
induction heating on the entire east face of each
reactor, assess the diametral reductions and jack
the P/T's free whose reductions are >.100"
(2.54 ran).
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inhere shrinkages are inadequate or vAiere the
P/T's cannot be jacked free with <2500 lb. force,
(ll,120N) additional heating/cooling cycles will
be applied followed by jacking.

Where it is known that P/T's have melted (by
video inspection) the east E/F's will be replaced
since the P/T's cannot be removed without damage
to the E/F bore.

Current Status

As of this writing (June 12, 1985) 317 of 390
channels en Unit 1 and 142 on Unit 2 have been
induction heated per the reactor program cycles.
24 P/T's have been separated from their E/F's en
Unit 1. Video inspection of the first 9 has
indicated that there are no scratches or other
damage visible in the E/F R/J bore.

FUTURE IMPROVEMENTS

Improvements in the process are onging at OHR
on their 250 KW set. They are exploring ways to
reduce cooling times, decrease the number of
cycles and investigating new coil designs.

Improvements to the reactor hardware
configuration to increase versatility include the
use of special long leads to eliminate seme of
the equipment en the fuelling machine bridge.

CONCLUSION

The induction heating process has proven
capable of reducing tube diameters in rolled
joints en reactor. It has reduced significantly
the man ran expenditure attached to conventional
processes and has resulted in cost reductions of
sizeable amounts, compared to the alternative of
replacing all the east E/F's.
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RADIATION SHIELDING EQUIPMENT FOR IN-VAULT
USE DURING THE RETUBING OF PICKERING UNITS I S, 2

W.J. KNOWLES, J.A.M. VISSERS AND W.J. BETHUNE

Canadian General Electric Company Limited
Nuclear Products

Peterborough, Ontario
K9J 7B5

ABSTRACT

This paper describes two types of radiation
shielding systems supplied for in-vault use. One is
tne personnel, shielding cabinet for general use at
the reactor race, while the other is the shielding
flask system required to transfer the highly active
components removed from the reactor to the on site
storage facility. Some of the design background and
site experience are also discussed.

GENERAL

In March 1984 Ontario Hydro made the decision to
replace the pressure cubes in units 1 and 2 of the
Pickering A generating station. Along with other
consultants, Canadian General Electric (CGE) had
been studying aspects or the Large Scale Fuel Chan-
nel Replacement Program (LSFCRP) for several years
prior to this time. This work was directed towards
fuel channel replacement due to creep racher than
tne concern for pressure tube material degradation
which precipitated the present program. The area of
study assigned to CGE was, generally, but not exclu-
sively, the removal of the old fuel channel compo-
nents.

This presentation deals with that part of the CGE
work --..'ociated with the personnel shielding cabinet
system and the shielding flask.

The major design consideration of both systems
was that of access to the reactor face. Fortunate-
ly, a fuelling machine (f/m) elevating mechanism
(bridge) is situated in front of each reactor face
and provides a ready mide platform for elevating
equipment and personnel to the various lattice sites.

Previous small scale programs for channel re-
placement had used small shielding cabinets and
flasks which could be placed on to^ of the fuelling
nachine bridge beam and indexed to the required fuel
channel site. These methods were shown to be very
time consuming and restrictive as to methods of
sequencing and resulted in cramped working condi-
tions. Also, placing a flask and a shielding cabin-
et on Che f/m bridge simultaneously limited the
shielding thickness of one or both these units.
This io because of the deleterious effects on the
ball screw elevating mechanism for the bridge chac
the extra weight: would have caused.

SHIELDING CABINET

The main design requirements involved were as
follows:

I Provide radiation shielding for personnel
working at the reactor face over the full
reactor width.

FIGURE 1
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2 Provide variable widen access to each of two
separate fuel cnannel Lattice sites on a given
row.

3 Provide root mounted support and guidance for
a gantry type crane or gantry type remote
manipulator.

4 Provide floor mounted support and guidance for
traversing tool support structures.

5 Provide outlecs and mountings for services
required for tooling, personnel, video and
audio.

6 ie capable of being transported through the
slac ion, into the vaults, and onCo the f/m
Dridge without major structural changes to the
station or equipment.

These requirements led to the design shown in
Figure 1.

In addressing the personnel shielding require-
ment, it was considered that the major fields would
come, not only from the reactor face, but also from
tne feeders above the shielding cabinet and off to
the sides of Che reactor. Fields of 60 mR/h from
the face, 70 mR/h at the overhead feeders and
55 mR/h off to the side were identified, after
decontamination.

The Low carbon steel construction material of the
shielding cabinet has a Half Value Layer (HVL) of
16 mm, eg for every 16 mm thickness of material the
radiation dose rate is reduced to 50%. Thus:

Reduction Factor
0.5 t/HVL

Therefore, the thickness, t, and shielding fac-
tors for the following components are:

Component

Front
Side i
Roof
Front
Floor

wall
'all

wall step
overhang

]Plate
Thickness
mm

63
51
51
76
19

Cin)

(2.5)
(2.0)
(2.0)
(3.0)
(0.75)

Z

Effective
Area m

Ai

19.8
16.37
20.06
1.46
5.86

6i.i5

Reduction
Factor

15
9
9.

27,
2,

RF

.65

.03
,03
,13
,28

This would give a composite
c with access doors closed of:

reduction factor

RF
c - 10.88

FIGURE 2
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SERVICE PORTS
AND OUTLETS
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FIGURE 3

The actual measured reduction factor for various
cases is as follows:

Open door situations - 5.4 (average of the first
8 operations on unic 1).

Closed doors - 11 which gives a typical
field of only 4 mR/h.

Access to each of the 22 channels in a full reac-
tor row is provided through 22 manually operated,
63 mm (2-1/2 in) thick, 960 ran (34 in) high sliding
doors installed in the front wall of the cabinet.
Access to each of the 22 rows is provided by eleva-
ting the f/m bridge, on which Che shielding cabinet
is mounted, to any of the 22 channel rows on a reac-
tor. The doors can provide either two separate
openings up to 77 mm (28 in) wide or one opening
142 mm (56 in) wide.

Support for the cranes, or a manipulator known as
a retubing tool carrier (RTC), is provided by rails
which are an integral part of Che shielding cabinet
roof, while rails, recessed into the cabinet floor,
are provided for the work table which is used Co
support and align tools.

Details of the supports and access door can be
seen in Figures 2 and 3.

Services are provided through a catenary of cab-
les and noses whicn enter the cabinet at the north

end from the north accessible area.

Services are;
1 Electrics - control and power cables,
2 Breathing air,
3 Instrument air,
4 Video and audio cables.

Service manifolds for items 1, 2, and 3 extend
along the full length of the front wall, with access
ports at regular intervals for convenient access
from any channel position.

The structural make up of the shielding cabinet
is largely determined by the requirement for trans-
portability. The size of the components was limited
by what could pass through Che equipment air lock
and the weight by the capacity of Che inter level
crane from grade level. The structural and shiel-
ding weight distribution was also influenced by the
units positioning on the f/m bridge so that it did
not tip forwards or put any of the bridge beam sup-
port ball screws inco coropressive loading for which
they were not designed.

As a result, the shielding cabinet is a box like
structure measuring 7.3 m (24 ft) long, 3 m (10 Et)
deep and 2.9 m (9.75 ft) high, and weighing approx-
imately 378 kN (85,000 lb). To facilitate moving
the cabinet into Che reactor vaulc Chrough fixed
vault access openings, the cabinet was built in two
sections, split longitudinally down the middle.
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storage area. The actual components discharged are
shown highlighted in Figure 4.

In the conceptual stage of the re-tubing project
two flasks were envisioned, one to accommodate an
inboard end fitting stub and one six barrel magazine
type flask to hold one pressure tube that had been
cut into six lengths. Both these flasks would be
raised by a lift truck to the lattice site height so
thac ths components could be pushed directly into
the flask.

The concept of replacing both the calandria and
the pressure tube in a single assembly introduced
the long length flask Chat was still raised to the
lattice site level but had the problems associated
with manipulating long pieces of equipment.

The concept of. a "smart crane" that evolved into
a remote manipulator made it possible to cons idee
locating the flask on the reactor vault floor and
lowering the active components directly into the
flask. This relaxed the weight limitation and allow-
ed the consideration of a flask capable of handling
components from more than one lattice sice resulting
in lower man-rem expenditure and time associatea
with the transportation part of the re-tubing
project.

>^>*-iK^ri _
7

Acttv*
COfliponaflK In Waaw

Contalnar

FIGURE 4

Each half is constructed with jackscrew driven col-
lapsible roof sections to meet the height restric-
tions. See Figure 3.

Each naif of the shielding cabinet is provided
with a built-in transportation system consisting of
air searings which float the cabinet for extended
motion and positioning at the reactor face. The
snielding cabinet can be moved as a unit using all
tne bearings if so desired.

The shielding cabinets were transferred into the
vault at PI and P2 using casters assembled to the
ends of each cabinet. This was possible because
regulatory approval had been obtained for both air
lock doors to be open simultaneously, thereby nega-
ting the length restriction imposed by the air lock
for which the air bearing configuration was design-
ed. The air bearings were, however, uaed for final
positioning on the f/m bridge.

The half sections, once positioned correctly on
the F/M bridge, are bolted together to form a secure
box-like structure which rides the f/m bridge with-
out external restraints.

Each end wall of the shielding cabinet has open
doorways leading to the f/m bridge from which a
stairway to the vault floor can be accessed. Per-
sonnel access to the shielding cabinet is also pos-
sible by personnel lifts to the shielding cabinet
back wall which is completely open.

FLASK/TRANSPORTER SYSTEM

The in-station flask is used to move Che radio
active inboard end fitting stubs and the pressure
tubes from the reactor vault to Che waste component

Design requirements established for the system
included:

1 Total weight of the system including flask,
transporter and load shall not exceed the
floor loading capacity, nor separate parts
exceed the inter level crane capacity,

2 Radiation level on the surface of the flask to
be within acceptable levels,

3 The overall dimensions had to allow contain-
ment within the airlock and component removal
from the bottom lattice row sites,

4 Flask to be capable of handling multiples of
active components,

5 Easily manouverable,

6 Flask functions to be capable of remote opera-
tion as well as manual operation,

7 Flask to be for on-station use only.

FLASK

Various configurations of flasks were investi-
gated with initial consideration given to a flask
that could be directly top loaded by the remote man-
ipulator system. The difficulties associated with
unloading multiple components from this type of
flask led to the design of a magazine type flask
that was end loaded. This required the introduction
of a device that could accept the active components
from the remote manipulator and insert them into the
flask. The total system now consisted of the flask,
flask transporter and the loading device. See
Figure 5. The remote manipulator had, with the
advent of the 'Early Retubing1, returned to the
"smart crane" concept as the RTC.

The studies of flask configuration and capacity
resulted in the selection of a four barrel magazine
type flask that had the capacity for either four
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INDEXING DRIVE -

RETUBING
TOOL CARRIER

STEERING UNITS
HYDRAULIC PACKAGE
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LOCKUP CYLINDERS

FLASK LOADING
DEVICE

CONTINGENCY RAM
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FIGURE 5

pressure cube waste containers each containing
active pressure tube, shield plugs and garter
springs plus various cleaning bungs, or eight end
fitting stubs. See Figure S. The design also makes
it possible Co carry four calandria/pressure tube
waste containers that would be used in a complete
reactor r»-tubing project.

This configuration gave an optimum balance be-
tween tne number of components that could be han-
dled, the weight of Che flask and the acceptable
radiation level on the external surface of the flask.

The body of the flask consists of an inner and
outer steel shell separated by lead shielding. The
total shielding is equivalent to 7.62 HVL for a
Cobalt 60 source. The integrity of the lead shield-
ing was confirmed by the scanning method on a 70 mn
grid pattern using either a cobalt or an iridium
source. Contact radiation levels were calculated to
be below 900 mrem/hr and chis ha* been the experi-
ence except for some localized levels of 1.3 rem/hr
at the top of the flask. Lead blankets have been
used in Chese areas to reduce the level of radiation.

The head at one end of the flask contains the
loading port and an air operated shielding door plus
the interfacing devices to join the Loading device
to the flask. The head at the opposite end contains
a ram head that is part of the system for dischar-
ging the contents of the flasK into the storage
facility.

The magazine is indexed after each loading/dis-
charge operation by a an electric motor driving
through a 400:1 reducer into an indexing mechanism.
The motor is stopped during the dwell period of the
indexer and held in this position while Che compo-
nents are inserted or discharged from the flask.

In a contingency situation, the magazine indexing
and the operations of Che shielding gate for the
loading port can be manually effected.

FLASK TRANSPORTER

The transporcer was designed to transfer the
flask between the reactor vault and the access hatch
to the lower level where the disposal facility is
located. The tranaporter has independently steerable
bogies at each end that are operated by batter>
powered hydraulic power supplies. These bogies can
also be set to free float to allow them to follow a
tow vehicle when connected to it by a three point
hitch. Although each bogie has its own power supply,
these power supplies are interconnected to allow
both bogies to be run from one power supply as a
back-up mode of operation.

Uniform floor loading is achieved by the ability
of each wheel set to independently have vertical as
well as roll motion.

The normal method of operation has been Co use a
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chree poinc hiccn co a cow vehicLe and Co sCeer "he
wneels ac cne opposice and. This nas provided manou-
verabilcy chac was noc previously accainable in
flask transfer operacions.

Flask Loadirj Device

The Loading device is used Co insert the compo-
nencs inco Che flask. Ic is mechanically connected
and aligned Co Che flask by air cylinders and, in
addition, there is a manually sec locking pin chat
prevencs separation of Che two devices in the event
oi loss of air pressure. The device has a V-shaped
trough into which the components are lowered by "he
RTC. These are then pushed into the flask by a ram
assembly that is guided and supported by a linear
bearing. Since this is an unshielded critical oper-

ation, redundant drives are provided by cwo indepen-
denc mocor driven drive syscems. In Che event of a
breakdown of Che main ram drive, Che back-up drive
system can automatically disconnecc Che main drive
and complete the operacion of insercing Che accive
components into the flask.

CONCLUSION

In conclusion, Che shielding equipment described
above has been shown to provide effective reduction
in man xem for the retubing operations while ensur-
ing uncongesced access for the work crews and maxi-
mizing the throughput of active components. The
performance of the equipment has demonstrated chat
the man rera for such a major undertaking need noc be
astronomical.
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PICKERING NGS - A
LARGE SCALE FUEL CHANNEL REPLACEMENT PROGRAM

RETUBING TOOL CARRIER (RTC)

E.J. BENNETT

ONTARIO HYDRO
TORONTO, ONTARIO

ABSTRACT

Much of the Pickering Large Scale Fuel
Channel Replacement Program is centred about the
use of a gantry mounted manipulator - a retubing
tool carrier (RTC). The RTC conveys radioactive
components from the shielding cabinet to the
vault floor under remote control. Reliability
is designed in by using proven 'off-the-shelf
components to a fraction of their design rating
and by providing redundancy for critical drives.

INTRODUCTION

On August 1, 1983 the pressure tube in
channel G16 of Unit 2 suddenly developed a large
leak. Subsequent examinations showed that it
had a 2 metre long crack at the outlet end.
Further investigations on Units 1 and 2 showed
that a large number of Zircoloy 2 pressure tubes
had indications of deuterium pictc-up. It would
be difficult to predict the behaviour of these
tubes if they were left in place and the
reactors returned to power.

A stuOy was initiated early in 1984 to
determine if an earlier start could be made to
the Pickering Large Scale Fuel Channel
Replacement Program (LSFCRP) which was itself
now in an accelerated state. The results were
positive and in March of 1984 a modified LSFCRP
was chosen as the approach to retubing of
Pickering Units 1 and 2. Hetubing was to begin
immediately.

REPLACEMENT PROCESS

A simplified sketch of
fitting is shown in Figure 1.

1. Feeder
2. Pressure Tube
3. Liner
4. Seal Ring
5. End Fitting Body

6. Positioning Assembly
7. Bellow
8. Calandrla Tube
9. End Shield

FIGURE 1

a Pickering end

The west side operations are more complex as
the end fitting (E/F) is to be removed prior to
removal of the pressure tube. Briefly the
sequence of events are:

- disconnect feeders
- renove closure plug
- push shield plug into pressure tube (P/T)
- cut p/T and liner
- remove liner and seal ring
- cut and renove E/F outer stub
- remove positioning hardware
- cut and clamp bellows
- remove inboard E/F stub
- remove pressure tube

Removal Sequence

Prior to actual fuel channel dismantling the
reactor la defuelled and drained of heavy
water. The full width shielding cabinet is
placed on the fuelling machine bridge and the
tooling necessary to perform part of the removal
sequence is then put in place.

On the east side the closure plugs are
removed, the shield plugs pushed into the
pressure tubes and the pressure tube to end
fitting rolled joints separated by a rapid
induction heating technique (1).

Installation Sequence

Pressure tube installation sequence is
basically the reverse of the removal sequence.
The main steps arc:

- install new P/T
- roll east joint
- install new west E/F
- roll west joint
- weld bellows to new E/F
- reconnect feeders



17.13

-—-•I

FIGURE 2
Retubing Tool Carrier at Reactor Pace

1. F/M Y-Onve Column
2. F/M Bndye
3. Shielding Cabinet
4. Power Cable Take-up Reel
5. Z-Dnve Motors
6. XZ- Frame
7. TV Camera
8. Shielding Cabinet X Rails
9. Gnpper Frame

10. Pressure Tube Can
11. Carnage

Note: Work Table and Shielding Caomet
Safety Rails Omiuta fur Clarity.

RETUBING TOOL CARRIER (OVERVIEW)

A major piece of equipment in use for the
P1/P2 LSFCRP is the retubing tool carrier (RTC)
Figure 2. The RTC is a specially designed
gantry mounted manipulator able to opsrate as a
wire rope hoist or as a rigid support. It is
suspended from two rails attached to the ceiling
of the large scale shielding cabinet. The RTC
travels along these tails to allow X-motion. A
Z-notion is achieved by a carriage running along
the two z-tracks.

The carriage has a hoisting franc attached to
it and from here four wire ropes suspend a
gripper frame which does the actual load
carrying. When in the rigid mode, the gripper
frame and the hoist frame are locked together
and provide a firm platform for tool support.

The RTC operates in a local manual mode while
handling non-radioactive material. Information
feedback is visual with limited panel
indication. When handling radioactive material
control is via a remote panel located in the
retubing control centre, feedback is via closed
circuit video vith limited panel indication.

The main tasks initially visualized for the
RTC were removal of the inboard stub of the E/F
and removal of the pressure tube in its waste
can. These would be lowered to the vault floor
onto a flask loading device (2). The RTC has
proven to be so versatile that it is now used to
transport almost all equipment between the vault
floor and the shielding cabinet on the west side
of each reactor.
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TABLE 1
Summary of RTC Design Requirements

Control
Axes

\

Y

x'

X3 (finel

Hoist

Alpha (pitch)

Bets (Yawl

Gripoer

Operating
Range

180 in
180 in

13 in

240 in
240 in

4 in

338 in

±1°

S85°

SpeM

1 in/sec
1 in/sec tlow)
4 in/sec Ihigh)

0.5 in/ssc

1 in/me
4 in/sac

0.1 in/sec

1 in/sec

0.05°/sec

2°/sec

Lass Than 0.5 sec

Operating Force
Maximum

1000 Ib
2501b
1000 1b

15001b

1000 Ib
SOOIb

5001b

15001b

1 SOOIb

250 t u b

10001b]
{caoacitv in Z axis)

Tvpe of Drive

Pnaum Motor
Pneum Motor

Pneum Motor

Pneum Motor
Pneum Motor

Reversible Jack
& Air Motor

Pneum Motor

Screw Ji.ck

Air Motor

Air Cylinders

Commanti

Back-Up Drive
Main Drive

No Back-UD

Baclc-Up
Main Drive

Main Drive

No Back-UD

No BJCk-Uo

The main and back-up air
motors drive the warm
reducer

Mainand back-up air
cylinders together

The design requirements of the RTC were set
by che movements and forces necessary to do the
job and by the need to minimize personnel
exposure to radiation. These are summarized in
Table 1. Host are self explanatory or will
become clear in the design description
following; but one worth clarifying now ia the
concept of redundant, or back-up drives.

To ensure that the radioactive load can be
safely transferred to the flask loading device,
the drives necessary to perform this task have
back-up drives operable from the retubing
control centre. Hie only exception to this is
the hoist drive where redundancy would have led
to undesirable complexity. In this case, the
fuelling machine bridge Y-drive provides the
redundancy.

DESIGN DESCRIPTION

X-Z Frame Assembly

The x-z frame (Figure 2) consists of two
4*xl0" box sections with structural steel
bracing to provide the main support member for
the RTC. It is suspended from two X-rails
attached to the ceiling of the shielding
cabinet. Travel along these rails provide the
x-motion for the RTC.

The X-Z frame Is attached to the shielding
cabinet X-rails by means of two trolleys. Ihe
outboard trolley (further from the reactor face)
provides a pivot point that the frame rotates
about to give a pitchir.9 (alpha) motion. The
inboard trolley contains the alpha drive,
basically an inclined path drive.

The X-Z frame is moved across the reactor
face by means of a chain drive. Motive power is
via a piston-type pneumatic hoist which was
(lightly modified to use a roller chain instead
of a link chain.

The X motion is necessary to effect complete
removal of radioactive components. Hence,
redundancy is built into the drive. The method
of achieving this is given in Figure 3.

( ^ - Pneumatic Motor

Q-Idler Pulley

Normal Operation
M l - Operational
M2 - Braked
Chain M2-»S Stationary

Back-up Operation

Ml - Braked
M2 - Operational
Cham Ml - "A Stationary

FIGURE 3

The design requirements called for
positioning the RTC in the x direction to within
1/16*. This was felt to be closer than the main
X-drive could easily accommodate. Hence a fine
x-drive that is completely separate from the
main drive was provided. In this arrangement
the ends of the X chain are attached to a
1000 pound £<crew jack which is mounted on the
outboard trolley. Actuation of this drive moves
the ends of the x chain relative to the outboard
trolley and affects a fine x-movcment.
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Carriage Sub-Assembly

The carriage is supported by cam followers
from two Z-tracks attached to the underside of
the X-Z frame. Since the Z motion is necessary
to ensure proper transport of radioactive
components, the carriage is driven along the
z-tracks by a chain drive system identical to
that used on the X-drive, except that the main
Z-drive motor has two speeds.

The carriage upper frame is a rectangular
tubular section supported fron the Z-rails.
Centrally located on this section is a large
diameter cylinder member/ consisting of two
concentric y-tubes, Figure 4. A screwjack moves
the inner tube relative to the outer tube a
distance of 13 inches. Rotational movement
between the two tubes is prevented by a key
arrangement. This Y-drive allows access to
two rows of channels without having io move the
fuelling machine bridge.

1. X-Z Frame
2. Carriage Frame
3. Cam Followers
4. Z-Tr»ck
5. Stewing Ring Btaring (B«u)
6. Y-Drivt Motor
7. Y-Orivt Tubti

8. Hoisting Drum
9. Bits Drive Sprocket

10. Hoist Drive Motor
11. Hoin Orivi Sprockm
12. Hoin Frinw
13. Slewing Ring Buring

(HaiRl

FIGURE 4

Wire Rope Hoist

The wire rope hoist is a special design which
uses four cables synchronized from a single
cable storage drum. Figure 4. The cable drum is
a large diameter spool which is located around
the carriage outer cylindrical member o* a large
diameter slewing ring bearing. Due to u e large
spool diameter only 6 to 7 cable wraps per cable
are required. This arrangement eliminates fleet
angle problems between the drum and the
pulleys. The vertical axis cable drum tv-s four
separate narrow compartments for the hoist
cables.

The drive to the cable drum is a chain and
sprocket arrangement, making use of a pneumatic
motor similar to that used on the X and Z
drives. This drive is capable of handling a
2000 lb load and is equipped with a fail safe
brake arrangement such that drum movement is
prevented when power to the drive motor is
interrupted. Two speed operation enables the
operator to choose a hoist speed for efficient
operation.

As mentioned earlier, a redundant drive is
not provided here. For emergency operations the
Y-drive of the fuelling machine bridge is used.

Gripper Assembly

The gripper assembly is shown in Figure 5.

FIGURES

1. Gripper FramB
2. Component Bting Gripped
3. Gripptr Jaws
4. Ovar Top Centre Linkage
5. Air SUDPIV Cylinder
6. Load Equalizer

Between the cylindrical structural member and
the carriage frame ia located a large diameter
sltwing ring bearing. The purpose of this
bearing is to provide the means for tool or
component adjustment in the horizontal place
(Beta direction). This allows the gripper to
turn ±90° so that long tools and components
can be handled within the constraints of the
shielding cabinet.

The beta drive is a chain and sprocket
arrangement. Redundancy Is provided by a
back-up motor and a clutch to disengage the
disabled main drive.

The gripper frame is attached to the hoisting
frame by four cables. When working at the
ceactor face four latches lock the hoist frame
and the gripper franc together to provide a
rigid tool support. Upon releasing the latches
the gripper assembly can be lowered by the
hoisting mechanism drive.

The gripper mechanism contains the jaw
subassembly which is designed to support up to
1500 pounds of tools/components and to
accommodate the 1000 pound force capable of
being supplied by the z drive. The jaw
mechanism is an 'over the top centre" type which
assures that in the event of a power
interruption, both sets of jaws will remain
safely locked.
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It was considered essential to ensure that
the gripper could release its radioactive load
so dual redundancy was provided. The four
gripper jaws are arranged such that the two jaws
on each side of the gripper are coupled together
on one shaft. Each of these two shafts is
operated by its own air cylinder driven by the
main control system. In case of failure, a
back-up air cylinder operated by the back-up
control system is provided on each shaft. The
second source of redundancy is provided by the
jaw geometry. Only one set of jaws (i.e., the
two jaws on each side of the gripper mechanism)
is required to release the tool or component.

Control power and signals to the gripper
subassembly are supplied by a self-retracting
cable storage spool located on the X-Z frame.
Pneumatic power to the gripper jaw cylinders is
provided by two compressed air tanks located on
the gripper frame.

ELECTRICAL ARRANGEMENT

The RTC control system requires a continuous
supply of 120 Vac electrical power for solenoid
valves, relays and indication lamps. The
distribution system consists of two catenaries
to the shielding cabinet - one for primary
drives and one for back-up drives. From the
main junction box on the shielding cabinet the
conductors ace routed via conduit, power tracks
or cable reel to the end devices.

A block diagram of the system is shown as
Figure 6.

JB11A PL2 X Cat-Track I JB31 Main Catanariat

JB1 - Main JS Locatad on Shialding Cabinat (S/C)
II1IA - X-OrivajaMsuntadonS/C
PL2 - Plug-in For Local Control Panal
PLt - Local Control Canal
JB3 - Altarnata Plug-in for Local Control Panal
JS4 - x -Z Frama J l
JIS - Carriaga J l
JBS - Hoiit Frama JS
Jt7 - Grippar AlHmblv JS
PL3 - Control Ralav Rack in Control Cantra
PL4 - Control Cantra Main Control Pinal

INSTRUMENTATION AND CONTROL

Panel Selection

The RTC is controlled locally from a portable
control panel PL1 which can be plugged into
either end of shielding cabinet. While under
local control information feedback is visual
with limited panel indication.

Remote control is from remote control panel
PL4 located in the control centre. This panel
has a main and a back-up section. While under
remote control information feedback is via
closed circuit television and panel mounted
indicating lights.

The desired mode of operation is selected via
a LOCAL/REMOTE selector handswitch mounted on
PL2 in the shielding cabinet. Switching of
control between the main section of the remote
control panel and the back-up section is
acconplished by selection of two handswitches
(main power handswitch and key-operated back-up
power handswitch) located on the remote control
panel.

Control Philosophy

The control of each individual drive was the
application of standard control logic. But the
need to have a remote/local and main/backup
arrangement complicated matters. In addition
safety in handling radioactive components and
the small size of local panel presented other
design problems.

The RTC is controlled by a main or a back-up
control system each with its own 120 v ac and
service air supplies. The main control system
is used to control all of the drives during
normal operation in either the local or remote
mode of operation. The back-up control system
Is used to control only those drives necessary
to effect safe disposal of a radioactive load
under remote control should the main system
become disabled.

Because of the size limitations of the local
control panal, the drives ware not given their
individual handswitches. Instead a rotary
switch selects the drive which is then activated
by a spring-loaded pushbutton. The only
exception to this is the grippcr jaws. since
these carry the radioactive load it was
necessary to make inadvartant operation very
difficult. Hence they wera given their own
handswitch which requires a push-and-turn
notion. The layout of the local control panel
is shown in Figure 7.

FIGURES
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In case of power failure operation when in
any control mode is terminated and the status of
the gripper jaws remain as is.

Switching between panels presented a
potential problem since the jaw position on the
panel being given control might be opposite that
on the panel giving up control. This was solved
by using latching relays to ensure that jaw
opening required a physical movement of the
'JAW switch regardless of switch position
during transfer of power.

A similar problem occurs on transfer between
main and back-up when power has to be
momentarily interrupted, care had to be taken
that the jaws were not inadvertently driven
open. (Note that during interruption of power
the mechanical arrangement of the jaw linkage
ensures that the load i* secure.)

interlocks

To ensure safe transfer of radioactive
components to the flask loading device
interlocks are used. These interlocks prevent
activation of • drive unless feedback (via
switches) is received that no physical
interference to the HTC or its lose is present.
These are active only when the remote, main
control system is being used.

PERSONNEL SAFETY

The most important design requirement guiding
the RTC design was that of personnel safety.
This led to the use of reliability assessment
and hazards analysis to aid the design process
and to verify that no undue hazards existed in
the final design.

Reliability Assessment

Failure of an RTC component presents two
general classes of hazards to operating
personnel - direct physical injury (e.g.,
falling loads, electrical shock) or by radiation
dose picked up during the rescue of a disabled
RTC carrying a highly radioactive load. This,
in addition to the serious schedule implications
caused by an RTC which did not operate as
designed, made high reliability imperative.

The RTC was designed using commercial
components with a proven high reliability. But
many of these components are used in an unusual
manner, e.g., a vertical axis wire rope drum, a
pneumatic hoist used as a drive motor. This
made reliability data hard to obtain.

The method chosen for demonstrating the
reliability of the RTC was one of assessment
rather than the use of numerical methods. Each
component was carefully assessed as to its
operating load versus its rated load. No
component had an operating load greater than its
rated load; in most cases each component was
used to only a small fraction of its rated load.

In addition to the above a full-scale model
was made of the hoisting drive, latches, gripper
frame and jaws. This demonstrated the viability
of the design and the reliability of the
components used.

Each RTC was fully assembled, integrated with
its control system, and acceptance tested prior
to shipment to site. This enabled any
deficiencies to be corrected off-site and meant
a shorter set-up time for operating crews at
site.

Hazard Analysis

To ensure that the use of the STC did not
present undue safety risks to operating
personnel a hazard analysis was performed. By
this technique each step of a particular RTC
operation was examined to determine potential
hazards. If a hazard existed then a review was
done to ensure that the hazard was eliminated or
that adequate personnel safety barriers were
provided.

As an example the RTC, when rotating in beta
with a pressure tube can, might hit and injure a
worker. The brrriers against this are that the
RTC would be under loc»l control of the people
in the shielding cabinet, the speed is slow
enough to make avoidance easy, and torque is
limited to 250 ft-lbs.
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The greatest danger in removing fuel channel
components is radiation. This danger is removed
since such components are handled by the RTC in
remote control. Still the hazard analysis also
looked at remote control operation to ensure
that problems requiring vault entry and
personnel exposure would be eliminated.

DESIGN TEAM

The RTC was designed by a team comprised of
several departments within Ontario Hydro and a
member of the private sector. Manufacturing was
supplied by two private sector firms under the
direction of Ontario Hydro.

The use of a design team has not been
extensively used at Ontario Hydro for such snail
tasks. it proved to be extremely successful.
The main key to success was the appointment of a
team leader to co-ordinate all of the activities.

The success of the RTC Design Team can best
be demonstrated by the fact that it took a
concept and turned it into a tested, delivered
piece of hardware in less than ten months.

CONCLUSION

The use of the STC to convey highly
radioactive components from the reactor face to
the flask loading device is a major part of the
P1/P2 LSFCRP. It marks a radical departure from
single channel work where flasking was brought
up to the reactor face. Prior to this only the
fuel handling system transported such highly
radioactive material.

The RTC eliminates the hazards present in
hoisting very heavy flasks. It also allows the
savings in flask weight to be applied to the
shielding cabinet. thus giving improved
personnel shielding for all of the reactor face
jobs.

To date the RTC has removed 120 end fitting
inner stubs. its performance has surpassed
design requirements and demonstrates the sound
judgement of its Inventor and Design Team
leader, Ernie Groskopfs.
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MANAGEMENT UF IRKAD1ATED CUMPUNENTS
FRUM THE PICKERING UNITS 1/Z RtTubE

I.E. wail, l.S. ueailor

Ontario Hyoro
Toronto, Ontario

ABSTRACT

The retubing of tne Unit 1 and 2 reactors at the
Pickering Nuclear Generating Station will produce
about 230 Mg of high level radioactive waste
components. Prior to permanent disposal, these
components will be stored on-site in concrete
containers called Dry Storage Modules. The
Irradiated Component Management System provides
tne capability to load, handle, and store the
modules.

INTRODUCTION

In August, 1983, a sudden pressure tube failure
occurred in the unit 2 reactor of the Pickering
Nuclear Generating Station (Pickering). The
investigation following the failure led to a
decision py Ontario Hydro to replace all of the
pressure tubes in Units 1 and 2 at Pickering.
This decision created an immediate need for
engineered systems to deal with the large
quantities of radioactive wastes that would be
produced during the pressure tube removal
operations.

The wastes are categorized by their level of
radioactivity. Material such as washers, sleeves,
and fasteners, wnich have contact fields less than
300 mR/hr, are classified as low level waste.
Medium level wastes, such as the outboard section
of fuel channel end fittings, have contact fields
between 300 mR/hr and 3 R/hr. Low and medium
level wastes are bagged, placed in standard 1 m5

waste shipping containers, and sent for storage to
the Reactor Waste Operations Site at the Bruce
Nuclear Power Development.

The Dulk of the radioactive waste is high level,
with contact fields greater than 3 R/hr. The high
level waste comprises irradiated pressure tubes,
snieid plugs, garter spring spacers, and the
inDoard section of fuel channel end fittings.

This paper describes the system and equipment for
managing these high level radioactive wastes. It
is one of a series of papers on the Large Scale
Fuel Channel Replacement Program (LSFCRP) at
Pickering. Reference 1 provides background
information and an overview of the program, and
contains a complete set of references for other
papers in the series.

SELECTION OF WASTE MANAGEMENT CONCEPT

In anticipation of the eventual need to retuoe
reactors on a large scale, Ontario Hydro nad
previously identified a numoer of strateyies for
dealing with the large quantities of hign level
radioactive waste material that would De
produced, wet and dry interim storaye, as well as
permanent disposal methods were examined, ana tne
use of a volume reouction process to minimize
storage space requirements nao been considered.
Proposed storage facilities includeu existiny or
planned irraaiatea fuel bays, an equipment
maintenance uay, and a new aeaicateu pool-type
storage facility. Botn tne Hickeriny ana oruce
Nuclear Power Development sites were considered.
All of these options were basea on the assumption
tnac ample lead time woulo De availaDie to oriny
the facility into service.

The sudden pressure tube failure in PicKering
Unit 2 prompted a re-examination of these waste
manayement strateyies in light of the shorter than
expected lead time. It was neces;ary to identify
the optimum approach in terms of the followiny
criteria:

(1) puolic and occupational safety, including
man-rem requirements for operation;

(2) compatibility with the overall retuoiny
program schedule, equipment, and
logistics;

(3) flexibility to accommoaate variations in
the quantity and nature of tne irradiated
reactor components;

(4) technical feasibility witnin the yiven
time frame;

(i) cost of implementation;

(6) potential for interference witn operation
of the remainder of the plant; ana

(7) flexibility to be compatible witn future
disposal methods.

Since the existing concepts could not meet all of
tnese criteria, a new approach was neeoea for
dealing with the high level waste. Trie concept
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jitimately selected called for on-site interim
storage of the irradiated reactor components in
specially designed concrete-shielaen containers
called Dry Storage MoauJ.es (DSM). The DSMs wouia
be used to store the irradiated components until
permanent disposal facilities become availaole.

THE HIGH LEVEL RADIOACTIVE WASTE

The retubing of Units 1 and 2 at Pickeriny will
generate a total of aoout 230 Mg (2>5 tons) of
nign level radioactive waste material, consisting
of 78Q pressure tube waste containers and
780 inboard end fitting studs (Figure 1).

The pressure tube waste containers are steel pipes
6.2 m (2W") long by 167 mm (6.6") in diameter,
and have one closed end. Each container holds one
pressure tube and the two shield plugs and garter
springs associated with that tube. The containers
are loaded in the reactor building and sealed td
contain loose activity. A loaded cdntainer weighs
about 180 kg (400 lb) and typically has a contact
field of about 500 R/hr.

The fuel channel end fittings are cut into two
sections during the pressure tube removal
operation. The inboard stubs, which are the high
level waste portion, are about 2.2 m (85") long by

up to 196 mm (7.7") in diameter, weigh aoout
llu Kg (2ftO lo) each, and nave contact fieios as
high as 1,200 R/hr. Tne outQoard stuDS, witn
contact fieios typically less tnan 1 r(/hr, are
treated as medium level waste.

The pressure tube waste containers ana tne inuoaru
end fitting stubs are collectively referred to as
the irradiated components.

THE IRRADIATED COMPuNtNT MANA(j£MENT

Overview of the System

The Irradiated Component Management System (lews;
was developed on tne basis of the dry storage
module concept for hiyh level waste manayement.
The role of tne ICMS includes the handliny and
storage functions for both irradiated components
and DSMs. In Januarys 1984, work commenced on tne
production of a detailed DSM design, the
development of a safe and reliable means of
transferring the irradiated components into the
DSMs, ana the design of uSM loading and storage
areas. The retuDing program schedule allowed
about one year for completion of all ICMS
engineering, procurement, licensing, construction,
and commissioning activities.

1 . 780 inboard end fitting stubs 19« mm max. diameter

110kg.

8.2 m

167 mm diameter

2. 780 pressure tube
waste containers
(inet. jfliew plugs)

180 kg

FIGURE 1 IRRAOIATED COhrONENTS
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Tne oounaary of tne ICMS was aefinea as an area on
tne ground floor of tne reactor auxiliary Day
between units 1 ana 2 (Figure 2 ) . A leao-snielaea
vessel, or flask, containing the irradiated
components is lowered Dy crane througn a natcnway
in tne floor aDove tne ICMS Doundary area. 1CMS
equipment delivers the flask to an area called the
transfer station, unloads the components into a
DSM, ana returns tne flask to the natcnway for
pick-up ana re-use, when the OSM is full, it is
tranpartea to a storage area where it will remain
until permanent disposal is effected. For tne two
unit retuding, approximately 300 flask trips will
oe required ana up to 18 DSMs will oe filled.

The following sections contain a more detailed
description of ICMS equipment, facilities, and
operation.

The Dry Storage Module
The dry storage modules are horizontal cylinders
aoout 7.6 m (25 feet) long by 3.3 m (10.7 feet) in
aiameter, with 0.61 m (2 feet) thick
steel-reinforced heavy concrete walls (Figure 3).
The empty weight of a DSM with its integral steel
support saddles is about 159 Mg (175 tons). Tne
module dimensions were governed oy the length of
the pressure tube waste container, the required

shielding tnickness, and a practical limitation on
tne gross weignt of a loaded moaule.

The shieldiny requirement was oasea un lac-oratory
measurements of tne radiation field from
irradiated pressure tubes removeu earlier from tne
Pickering Units 1 and 2 reactors. The maximum
allowable contact field on tne moaule of
200 mrem/hr fixed the shielding at 0.92 m
(36 inches) of ordinary (2.3 Mg/m3) concrete or
equivalent. Althougn more expensive per OsM ano
more difficult '̂  source for winter construction,
heavy concrete (3.5 Mg/m3) was chosen for tne
shielding material. This allowed the wall
thickness to be reduced to 0.61 m (24 inches),
permitting a larger cavity and, therefore, fewer
OSMs. Lead and steel were ruled out as shielding
materials due to excessive cost and module
fabrication time.

The epoxy-coated steel outer shell of the moaule
served as a pouring form for the concrete and
provides protection against impact ano
environmental extremes over the minimum 50 year
aesign life of the module. All-welaea joints ana
sealed penetrations prevent tne ingress of water
during stdrage.

The oasic snielding anu structural integrity
requirements of the DSM are not compromised oy the

PICKEHING GENERATING STATfON

UNIT2

NORTH

OSM LOADING AREA
\NSFER STATION)

FIGURE 1 ' P P A P I M T E D ; 0 " P 0 ' J E 1 T M A N M C L M C I T
bCSTEHCVERVlEvV
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design features required to allow module loading
ano inspection of module contents. GSM loadiny is
effected by pushing tne irradiated components
through a penetration in the end wall into a
semi-circular trough, or half-pipe, near the top
of the cavity. The half-pipe is supported by
bearings at each end wall of the DSM, and
connected by a shaft to a wheel and chain turning
device at the back end of the module. When the
compcnent has been pushed into the DSM, pulliny
the chain inverts the half-pipe and drops the
compcnent into the module cavity. This type of
loading arrangement allows maximum use of
available storage volume and prevents the
component from becoming lodged in the DSM end wall
as it passes into the module. Model tests
confirmed that acceptable stacking characteristics
of the components in the DSM would be achieved.

The loading penetration in the end wall is
accessed by lifting a shield dodr which slides in
a set of tracks on the loading end face of the
DSM. The shield door is sealed shut after the DSM
is fully loaded.

For inspection of DSM contents ouriny loading and
storage, a small penetration on tne back end of
the DSM allows insertion of a video camera fdr
remote viewing. Another small penetratidn allows
samples of air or liquid to be taken from the

module cavity ouriny storage, ^ese penetrations
are snielaeo ano sealed wnen not in use.

Tne USMs are moved between tne faorication,
loading, and storage areas on a 48-wneel steeraole
float with self-contained hydraulic jacks to raise
and lower the bed. with tne float positioned
under the DSM, tne ded is raised to lift tne
module off its supports. Tne float is tnen toweci
to its destination and precisely positioned Defore
the module is set down.

Tne dry stdrage modules are designed to witnstano
site design earthquake accelerations, impact
loads, and environmental hazards sucn as extreme
temperatures, with their simple yet robust
design, they will require only minimal maintenance
and infrequent inspection to safely perform tneir
function during the period of on-site storage.

USM Storage and Loauiny Areas

A larye, flat, open area near tne soutn-east
corner of the Pickering site was chosen for uSM
storage (Figure 2). The area was being used only
to store ccnstruction equipment and materials, ancj
had no planned or proposed future use. Tnis
location offered ample space for the DSMs ana tne
equipment for handling then, and is within the

HALF-PIPE LOADER

SHIELD DOOR

IRRADIATES COMPONENTS

INSPECTION PORT v

CHAIN -

SAMPLE PORT

ADAPTOR SHIELDING SUPPORT

"•LOCK
FIGURE 3 DRY STORAGE MODULE (DSM)
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existing site security fence Dut away from normal
day-to-day station activities.

The cumulative radiation field of tne full modules
was estimated for various arrays of DSMs in tne
storage area. Comoining this information with tne
logistics requirements of transporting, placing,
and accessing the modules in tne future, it was
decided to arrange the modules ena-to-end in two
parallel east-west rows. Calculations verified
tnat the resulting dose rate at the station
exclusion Dounoary will De well within tne
allowable limit of 0.057 mrem/hr. The storage
area is fenced off and secured to restrict
personnel access.

The storage area surface around the modules is
paved with asphalt and sloped to direct runoff to
catch basins for periodic sampling.
Tnermo-lLminescent dosimeters are installed on tne
storage area fence to monitor gamma radiation
fielas from tne modules.

In the storage area, the DSMs are supported by
four steel pillars attached to the outer ends of
the support saddles. The pillars, which are
anchored to concrete pads for stadility and
resistance to lateral loads, provide the necessary
clearance for the float under the OSM.

The Unit S reactor auxiliary Day at the east end
of the Pickering station was chosen as the
lucation for OSM loading (Figure 2). Here, two
modules can be positioned side-by-side outside the
Duilding in adjacent loading Days. The outer ends
of the DSM support saddles are secured to concrete
stub walls on a thick concrete ground slab. The
modules are placed with their load end faces about
15 cm (6 inches) away from the building, with a
compressible weather seal filling the gap. Access
to the module ldaoing port frdm inside the
building is through a 2.7 m (9 feet) high x 1.4 m
(4.5 feet) wide opening in the wall.

The transfer station was designed in this way to
allow the irradiated component flask to remain
inside the building and the DSM to remain outside
at all times. This approach simplified
contamination control, and is compatible with
radiological zoning requirements. The location
was selected to facilitate flask manoeuvering and
to provide a snort, direct route between the OSM
loading and storage areas.

Irradiated Component Handling

The irradiated components are carried from the
reactor to the transfer station in 16 Mg (IS ton)
lead-shielded flasks. These flasks were designed
to allow remote loading and unloading of the
components. Seven flasks were manufactured to
meet operational ana training requirements.

Inside eacn flask is a four-chamber magazine tnat
revolves on a Horizontal shaft. An electric motor
indexes m e magazine to align each chamber in turn
with a lc'Oing port in the front end of the
flask. A >liding gate with a matching port allows
access to the aligned chamber for component
loading ana unloading, and provides shielding when

closed. The uack end of the fiasK nouses a steei
ramneaa tnat is pusnea tnrouyn tne aliyned chamoer
to unload tne component. M flask noius four
pressure tuoe waste containers (one per cnamoer;
or eignt inooard end fit tiny stuus (two per
cnamDer).

Tne loaaea flasks are brouynt out of tne reactor
ouiloing to the hatchway on special transporters
designed to ease tne task of manoeuvering tne lony
neavy load thrdugn tne congested area. Tne
transporters, which have independent,
hyaraulically steered bogies at each ena, are
shorter and only slightly wider tnan tne flasks.
They are tdwed Dy a modified heavy-duty pallet
truck.

Mt the hatchway, the flasks are lifted off the
transporter and lowered by crane cnto a trolley on
the ground floor. As tne requirements of tne
trolley are markedly different from those of tne
transporter, it was possible to use a mucn simpler
design. The trolley is made in two sections: tne
lower section is a heavy steel frame witn four
lockable swivel casters, and tne upper section is
a 20 cm (8 inch) high steel-wheeleo carriage
called a dolly. The ddlly sits on macnined steei
rails on the top of the lower section and is
secured by toggle bolts. The flask sits on tne
dolly, positioned and restrained Dy guide pins.

Tne trolley is towed oy pallet truck along its
0.5 km route through tne reactor auxiliary Day to
the irradiated cdmponent transfer station, wnere
the pressure tube waste containers jnd inboard eno
fitting stubs are transferred into tne ory storaye
modules (Figure 4). Since correct alignment of
the fiask with respect to the USM is essential to
the component transfer operation, transfer station
equipment was designed to ensure that accurate
flask positioning could easily and repeataoly De
achieved, where necessary, adjustment capaointy
was built into equipment to allow for the
tolerances on DSM positioning in the loading oay.

At the transfer station, the flask trolley is
backed up td the end of one of two 23 Mg (25 ton)
capacity hydraulic scissor .lift tables. The
pallet truck operator is aided in this operation
by floor markings and floor mounted guide rails
which ensure accurate lateral positioning. A
trolley-mounted winch is then operated td roll the
dolly and flask off the trolley rails onto
matching rails on the lift table surface. The
flask rolls along the caole top until it stops
against a projection on tne OSM, which fixes the
gap between the flask and tne uSM.

with the flask correctly pdsitidned on the lift
table and secured, the taole is raised to
precisely align the flask unloading axis with the
DSM loading axis about 4 m (13 feet) above tne
floor. Mecnanical lor:ks are engagea to prevent
the taDle from drifting down wnile the flask is
being unloaded. The DSM snield door ana tne flasK
gate are then opened, and the flask/USM aaaptor is
actuated. The adaptor is an air cylinder-operateu
telescoping sleeve which provides a continuous
closed path for the irradiated components as they
move from tne flask to the DSfo.
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Tne flask unloading device employs two air
motor-driven friction rollers to advance ano
retract a 76 mm (3 incn) square, 10.7 m (35 feet)
long aluminum pusnroa. It is mounted on a raised
platform at tne end of tne lift tadle. with the
flask properly aligned for component transfer, the
unloaoer pushroo is advances to latch it onto tne
ramhead protruding through tne rear housing of the
flask. The pushrod is then fully advanced to move
the irradiated component into the DSM, and fully
retracted to allow the flask magazine to rotate
and align the next chamder. The four flask
magazine cnamoers are sequentially unloaded in
this manner.

The DSM half-pipe loader receives the irradiated
component as it is pushed out of the flask. When
the component is fully into the OSM, the loader is
unlocked and rotated to drop the component into
the module cavity. This is done after eacn flask
magazine chamber is unloaded.

When all flask chambers have oeen emptied, the
lifi table is lowered and the flask is rolled back
onto the trolley. Radiation checks are done, and
decontamination activities are carried out if
necessary. The overall flask unloading time is
typically less than one hour.

component nanuling Safety ano Heliauility

Of all ICMS functions, the component transfer
operation holds tns yreatest potential for
industrial ana radiological nazards ana for
delaying the retuoing program. For this reason, a
great deal of attention was paid in tne design of
the irradiated component transfer station to tne
safety of operating personnel, system operaoility,
and production reiiaDility. The fallowing are
some of the important design features of the
transfer station.

At all times, adequate shielding of tne irradiated
components is maintained. Limiting the gap
between the flask and the DSM to about IS cm
(6 incnes) during component transfer makes maximum
use of the shielding properties of the two
containers. The gap, which is orioged during
transfer with tne telescoping adaptor, is snielaea
by lead blocks on the DSM face, the concrete
building wall, and the sliding OSM shield door.
The opening in the rear end of tne flask (tnrouyn
wnich the unloaoer pushroa runs) is snieiueu by
the pushrod itself. Wherever possiDle, offsets
were designed into the snieidiny to prevent
radiation streaming through gaps.

DRY STORAGE
MODULES v.

IRBAOIATED .
COMPONENTS ^ ^ - - ^ s a *

f ^

^ ^

HALF-PIPE
LOADER ~

DSM LOADWG PORT—,

LFT _ _ / ^
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TROLLEY ^

OOLUf '
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To limit the spread of loose particulate
contamination during component transfer, the
flask/DSM adaptor was designed to maintain a
closed patn through which tne reactor components
travel. The flask unloader was designed with
replaceaDle pushrod wipers to clean the pusnrod as
it retracts from the flask. The head of the
pushroo, which directly contacts the irradiated
components, is disconnected frcm the-pushrod after
unloading and remains inside the flask at all
times.

Equipment was provided with actuators to enaole
remote operation where close proximity to
unshielded components would otherwise tie
required. At the critical flask/DSM interface,
the OSM shield door is electric winch-operated,
tne flask gate is air cylinder-operated, and the
adaptor telescoping action is effected oy air
cylinders and linkages. The flask unloader
pushrod is air motor-driven.

Two complete, independent transfer facilities were
provided to enhance system reliability. Should a
problem develop with one facility, DSM loading can
continue at tne other while the necessary repairs
are planned and safely executed. This avoids
unnecessary and costly delays to the retubing
program. Critical spare parts are kept on site to
minimize dow.i time.

A control system for the transfer station was
designed to facilitate operation and to improve
the safety and reliability of the component
transfer function. From the main system control
panel, a trained operator controls and monitors
all aspects of the component transfer. The
control panel is keyswitcn-activated to prevent
unauthorized operation.

Equipment status or position, as determined by
limit switches, is indicated by lights on the
control panel. Pushbuttons on the panel enable
remote operation of the lift table; the DSM shield
door, adaptor, and half-pipe loader lock; the
flask unloader; and the flask magazine and loading
gate.

Incorrect sequencing of operations in the
component transfer procedure could potentially
result in acute exposure of operating personnel,
jamming of a component in the transfer path, and
damage to equipment. T 0 avoid these hazards,
interlocks were designed into the control logic to
ensure the correct sequencing of steps. A series

of relays in the control circuit of eacn device
prevents its operation unless the necessary
previous steps in the component transfer have oeen
carried out and verified by limit switcnes. For
example, tne DSM snield door cannot ae raised
unless the flask is positioned in front of tne
opening, and the flask cannot be movea away uniess
the snielo door is first clos'id. The interlocks
can only be overridden oy means of a key-operatea
switch, should it oe necessary for testing or
maintenance.

To further ensure system safety, operators are
given thorough training and must adhere to
detailed operating procedures. Radiation monitors
and alarms are strateyicaily located arouno tne
transfer station, and access to the component
transfer area is controlled. Finally, equipment
is regularly inspected, maintained, and
decontaminated as necessary to ensure safe,
trouble-free operation of the facility.

CONCLUSION

The Irradiated Component Management system went
into service on February 11, 1985, with the first
flask load of end fittings from the unit 2
reactor. This followed brief out intensive
commissioning and training programs involving ootn
equipment tests and a number of complete dry runs
to verify overall system operation.

Operating experience to date with the 1CMS has
been excellent. Dry storage module loading
operations at tne transfer station have jone
smoothly and quickly, with the irradiated
components packing efficiently in tne DSM cavity.
The few equipment proolems have been minor in
nature. Radiation fields from the DSMs are lower
than predicted.

The overall strategy for management of the nign
level waste from the retubing involves two
phases: interim on-site storage, and oermanent
disposal. The dry storage modules provide a safe,
reliable, and economical means of storing tne
waste jntil the facilities and methods needed for
permanent disposal are fully developed.
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ABSTRACT

Replacement of fuel channels at Ontario
Hydros' Pickering reactor units 1 and 2 is
currently in progress. In this replacement
process, the east end fitting Jt each lattice
site is left in place. The west end fitting,
the pressure tube and the garter springs are
removed from the west side and replaced from
the same end. This paper describes the
reinstallation of fuel channel components and
the tooling associated with this process.

INTRODUCTION

On August 1, 1983, the pressure tube in
lattice site G-16 of Pickering NGS, Unit 2,
developed a 6.S ft (1.9S m) long crack. As
a result of subsequent investigation, Ontario
Hydro decided to change all pressure tubes
in both units 1 and 2, their only commercial
reactors to have Zr-2 tubes rather than Zr-2.5%
Mb tubes. The program to implement this change
is called The Pickering NGS Units 1 and 2 Large
Scale £uel Channel Replacement Program (LSFCRP).

A total of 390 fuel channels will be replaced
in each reactor. Creep induced sag of the
calandria tube create* some unique problems
for both the removal and the reinstallation
of fuel channel components. This paper discusses
the installation of replacement components
and the special tooling required for the
reinstallation process to overcome these
problems.

CHANNEL DISPOSITION BEFORE REPLACEMENT

At each lattice site, the wast end fitting,
the pressure tuba and the garter springs aza
removed. Both shield plugs are pushed into
the pressure tube from opposite end*. The
pressure tube is then cut inboard of the wast
end fitting leaving • short stub with the and
fitting. This allow* the removal of the wast
end fitting and its positioning assembly
hardware. The pressure tube-to-east end fitting
rolled joint is than ralaasad by a Rapid
Induction Heating Technique and the pressure
tuba along with tha shield plugs and the garter
springs is pushad into a container which is
deposited in a shield flask at the west end
of the reactor.

The east end fitting remains in place and
its rolled joint bore is refurbished by honing
or roll burnishing from the original, diameter
of 4.499 * :000 inchas (114.27 t '.00 mm) to
4.SOS 1 .001 inches (114.43 t .025 mm). The
channel annulus bellows remains waldad to the

end fitting and the feeder pipe remains connected
to the end fitting side port.

The calandria tube remains intact, however,
it could have a sag of up to 1.25 inches (3 17
cm) over a span of 20 ft (6.1 m). A lattice
tube extension sleeve is installed into the
west lattice tube which projects the lattice
tube minor bore up to the shielding cabinet
mounted on the fuelling machine bridge. Aluminum
shield plugs are installed at both end shields
to block the gamma beams» Figure 1 shows the
channel disposition before the installation
of replacement components.

FIGURE 1 REMAINDER OF FUEL CHANNEL BEFORE
INSTALLATION STARTS

REPLACEMENT FUEL CHANNEL ASSEMBLY

The replacement fuel channel consists of
a Zr-2.5» Nb pressure tube coupled with a
stainless steel end fitting at each end by
means of roll expanded joints. The end fittings
are supported in carbon steel bearings mounted
in tha lattice tubes of the calandria end
shields. These bearings are not being replaced.
Tha pressure tuba is located innide the calandria
tube and the annular space between them is
maintained by means of four garter springs.
Tha annular space form* a part of the gas annulus
system to insulate the primary heat transport
system coolant from the moderator and to detect
leakage of coolant from the fuel channel. The
positioning assembly hardware at tha wast end
is removed but not reinstalled.

FUEL CHANNEL REINSTALLATION PROCESS

The new fuel channel components must be
protected from any damage during transportation
and reinstallation. Therefore procedures have
bean carefully planned and spacial tooling
designed to provide damage-free installation.

Tooling Design Philosophy

Tha tooling is designed and developed such
that the radiation exposure to personnel is
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at * level which is ks Low A_s Reasonably
Achievable (ALARA). In this regard, the tools
entering an open channel are self shielding.
After a tool operation is complete, the open
channel will have installed either another
tool for carrying out the next operation or
a shield plug, to eliminate the radiation hazard
from the gamma beam emanating from the open
channel. The tools are simple and easy to
operate thus reducing the time for training
as well as reactor face operation. Wherever
possible, the tools are built of modular
assemblies for easy maintenance. They are
easy to decontaminate and all surfaces
susceptible to corrosion are protected with
appropriate coatings.

Pressure Tube Installation
During normal reactor construction, the pressure
tube and the end fitting are installed as a
sub-assembly. For LSFCRP this approach would
require that the garter springs be pre-attached
to the pressure tube. Because of the
difficulties associated with the pre-assembly
of garter springs on the pressure tube and
space limitations imposed by the presence of
the vault coolers, the sub-assembly installation
technique is not used. Instead the pressure
tube will be installed separately, followed
by the garter springs and the second end fitting.

The replacement pressure tube is prepared
in the component assembly area and installed
in a pressure tube container. The pressure
tube is totally enclosed in the container to
provide protection from any physical damage.
The pressure tube container is a 21 ft (6.4
m) long and 6.5 inches (165 mm) outside diameter
carbon 3teel can. Its inboard end has an
aluminum nose that provides a support for the
pressure tube concentric with the calandria
tube. The outboard end of the pressure tube
is supported by a tail cone which incorporates
spring supported rollers to provide radial
compliance and travels with the trailing end
of the pressure tube. The springs allow the
outboard end of' the pressure tube to lift up
during installation as the leading end is pulled
down due to the sag in the calandria tube.

The loaded container is transported to
the fuelling machine vault where it is inserted
into the lattice tube extension sl«ev3 by a
Retubing Tool Carrier (RTC) until its leading
end abuts the calandria tube insert. The
pressure tube is then pulled through the
calandria tube into the east and fitting by
a CGE pressure tube guide tool. Th« pressure
tube container is removed and replaced by a
pressure tube holding sleeve which abuts and
centres the west end of th« pressure tub*.
Th* pressure tubs guide tool is than taken
away leaving the leading and of tha prassura
tube in the tapared bora of tha and fitting
as shown in Figure 2.

Further insertion of tha pressure tube
is made difficult by tha required tight diametral
claaranca of 0.005 to 0.010 inches (0.13 to
0.25 mm) between tha avaraga praasura tuba
outside diamster and tha and fitting bora which
with tha allowably ovality of tha presiura
tube can result in no claaranca locally. It
is further complicated by tha angular
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FIGURE 2 PRESSURE TUBE ALIGNMENT TOOL PRINCIPLE
misalignment between the pressure tube end
and the end fitting bore caused by the pressure
tube ind calandria tube sags. The pressure
tube end must therefore be straightened and
aligned with the end fitting bore to achieve
damage-free insertion into the end fitting.
This alignment is also necessary to minimize
residual stresses in the pressure tube rolled
joint region created during the rolling
operation.

For ;he necessary alignment then, a pressure
tube straightening tool installed inside the
pressure tube is used in conjunction with a
pressure tube end fitting alignment and locating
tool installed through the east end fitting.

To straighten the pressure tube end, the
calandria tube may also have to be partially
straightened. Since the stiffness of the
calandria tube is high, a large bending moment
must be applied to the ends of the pressure
tube to achieve the required straightening.
The pressure tube straightening tool generates
this moment by applying a large force with
a hydraulic system over a short lever arm.
In laboratory tests, forces as large as 15,000
lbs (66700) have been necessary to straighten
pressure tube ends in a calandria tube with
a 1.25 inches (3.17 cm) sag.

The tool consists of two 12 inch (304 mm)
long cylinders coupled with thre» 16 ft (4.9
m) long members. One of these, a t.abe is pinned
at both ends inside the cylinders and acts
as a compression member when tension is applied
to the other two rods. On tensioning the rods,
the cylinders bear against the pressure tube
inside wall imparting to it a bending moment
that corrects the misalignment.

To operate the tool from inside the shielding
cabinet, the tool is coupled with a removable
extension. The extension section comprises
three tubes which form extensions of those
locatad in the straightening section and a
locating haad that placas tha tool in its corract
axial position inside the pressure tuba.

The pressure tuba en1 fitting alignment
and locating tool is t .tulti-tuba assembly
that carrias a gauge plug at tha leading end.
The gauge plug is held concentric within the
end fitting bore and is positionad a. illy
inside tha leading and of tha pressure -ube
whila it locates in tha aaat c d fitting taper.

This tool contains two Etamic diiV
air gauge systems, on* for tha horizontal and
tha othsr for tha vartical misalignment of
tha pressure tube. Figura 2 illustrate! the
principle of operation of the gauge.
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Compressed air at 60 psi (0.4 MFa I flows
alony two parallel paths into a chamber which
is divided by a supple membrane. Each path
exits into a needle valve deployed inside the
pressure tube. The operation of the gauge
depends upon the equality of pressure on both
sides of the membrane. When pressure on one
side of the membrane increases, the membrane
deflects in the low pressure direction until
the pressure on both sides is equal. The
magnitude of deflection is displayed by the
indicator.

After the required alignment of .004 inch
(0.1 mm) over 1.0 inch (25 mm) or better is
achieved, the pressure tube is pushed into
the end fitting by the pressure tube holding
sleeve until it abuts three locating fingers
deployed by the alignment and locating tool.
Verification of this fully-home position inside
the end fitting is provided by an indicator
on the sarae tool. The maximum force anticipated
to push a pressure tube with the above
misalignment into an end fitting is 600 lbs
(2670 N ) .

The pressure tube holding sleeve comprises
essentially two concentric sleeves, the holding
sleeve and the retaining sleeve. The holding
sleeve is about 100 inches (2.5 m) long and
has a nose piece that supports the pressure
tube. The retaining sleeve is about 11 inches
(279.4 mm) long. It is assembled at the outboard
end of the holding sleeve and secured to the
lattice tube extension sleeve. The holding
sleeve and the retaining sleeve form an annular
chamber which is air pressurized to generate
1,000 lbs (4450 H) of push force.

To ensure that the pressure tube holding
sleeve does not allow the pressure tube to
drift back after it is pushed to its final
position in the end fitting, a self contained
hydraulic collar is provided at the rear of
the holding sleeve. The inner element of this
collar has a thin wall section which in its
relaxed state has a clearance with the outside
diameter of the holding sleeve. Around this
section is a sealed annular chamber completely
filled with glycsrol. When the volume of this
chamber is reduced through a screw operating
a piston, the resulting pressure increase
deflects the thin wall section which grips
the holding sleeve. The gripping force is
sufficient to resist an axial load of 1,000
lbs (4450 thus preventing any slippage of the
pressure tube.

An indicator rod is also incorporated in
the pressure tube holding sleeve which runs
its full length and provides an indication
of the pressure tube contact with it.

After the pressure tube is positioned inside
the east end fitting, the pressure tube end
fitting alignment and locating tool is removed
and the joint is rolled using a conventional
roll expander. The pressure tube holding sleeve
and the pressure tube straightening cool are
then removed from the west side for garter
spring installation.

garter Spring Inst«ll«tion

During past reactor construction the garter

spring has been inserted over the end of the
pressure tube and pushed with a tool to its
final position. This process allows the garter
spring to roll as it travels along the pressure
tube. These garter springs typically had about
0.25 inch (6.3 mm) diametral clearance with
the pressure tube outside diameter and did
not have their ends connected but were retained
around the pressure tube by a girdle wire with
ends spot-welded together.

The LSFCSP garter spring is an optimized
design in Inconel with a zircalloy girdle wire
and fits tightly around the pressure tube with
the ends coupled by hooks (Figure 3 ) . The
girdle wire which is not spot-welded but has
overlapping ends is incorporated to provide
a signal during eddy current inspection to
verify the position of the garter springs on
the pressure tub:s. The distance between the
adjacent coils is larger than the wire thickness.
Tests have shown that using conventional
installation procedures when the garter spring
rolls along the pressure tube, the girdle wire
is rotated by the coil helix and an end may
protrude from the garter spring. The protruded
end of girdle wire could damage the pressure
tube and/or the calandria tube during
installation. Thus there is a need for the
garter spring to be carried along the pressure
tube before it is deposited at the correct
location.

GIRDLE WIRE
INSIDE SPACER
— t 1/2 TURNS

OARTM SPWNO
- swja ON pMisufff nju
- is cons « n INCH
- oj" i 03- wi«€ cnouucnai

FIGURE 3 LSFCRP GARTER SPRING

The garter spring installation tool is
designed to carry the garter spring without
it touching the calandria tube or the pressure
tube. It consists of a long trough with a
nylon head at the leading end. The head
Incorporates a sliding mechanism which operates
through the pull of a cable and pushes the
garter spring off the head onto the pressure
tube. The tool operation is assisted by a
support trough and a pressure tube locator
which extend the annular gap between the pressure
tube and the calandria tuba up to the shielding
cabinet.
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The calandria tube sag causes large contact
forces between it and the pressure tube. The
garter spring installation tool separates these
tubes in order to carry the garter spring along
the annulus between the tube3. Laboratory
tests have indicated that an axial force of
up to 100 lbs (445 N) is required to separate
the calandria tube and the pressure tube.

The tooling must also minimize scratching
to both calandria tube and pressure tube during
garter spring installation. Tests have shown
that the calandria tube and pressure tube may
be damaged by metallic tool heads incorporating
chromium plate or Dynalloy coating. A white
nylon head has proven satisfactory and la used
in the tool.

Pour garter springs, one at a timer are
installed from the west side of the reactor.
The garter spring is initially pushed to a
position 2 inches (5 cm) short of the final
position. From the east side of the reactor
a garter spring eddy current check and rolled
joint inspection tool designed by CRNL is
installed.

The eddy current probe pinpoints the location
of the garter spring which is then dropped
off the tool head and pushed the final two
inches to its correct position. Dropping the
garter spring two inches short of its required
position and pushing it the remaining distance
is necessitated by the tendency of garter spring
to advance slightly when dropped off the tool.
The final position is once again checked with
the eddy current inspection tool. After all
four garter springs are installed this way,
a subsequent check is made of the garter spring
locations as the CRNL tool is withdrawn. This
tool also contains an eddy current probe which
is used to identify ferromagnetic inclusions
in the pressure tube end fitting rolled joints.

Tne garter spring positions on the pressure
tube are biased towards the coolant outlet
end. Since the outlet and inlet ends alternate
from channel to channel in each row, eight
(8) positions are identified on the garter
spring installation tool. Eight holes (four
round and four oval) corresponding to these
positions arc provided in the tool. To avoid
any confusion that may result in incorrect
garter spring position, the holes and the
matching pins are colour coded. Positioning
accuracy is important, the garter springs must
be no farther away than two inches from their
nominal position.

West End Fitting Installation

The west end fitting is installed using
an insertion fixture which incorporates Etamic
alignment gauges in its mandrel. A fully dressed
and fitting (i.e. one fully equipped with a
shielding sleeve, bearings, an end fitting
clamp, a bellows welding head, a clinometer
sideplata and an snd fitting protective sleeve)
is secured onto the mandrel that rides on a
carriage mounted on the work table. The
alignment with the lattice tube necessary for
end fitting installation is achieved through
the work table with adequate compliance built
in the mandrel support.

Before end fitting installation, the work
table is visually aligned with the lattice
tube. The end fitting and mandrel assembly
is then mounted on the carriage and the pitch
setting is made on the work table. The carriage
is advanced until the inboard journal ring
is inside the bellows. The concentricity between
the end fitting and the bellows is visually
checked and if need be x and y adjustments
are made on the work table. The carriage is
further advanced until the journal iinq hits
against the step in the lattice tube. At this
stage the x and yaw compliance mechanism built
in the mandrel support is released thus allowing
the end fitting to self align and the carriage
is advanced until the pressure tube enters
the tapered bore of the end fitting, the mandrel
nose cone serving to lift and centre the pressure
tube in the bore.

As in the case of the east end, the calandria
tube sag creates angular misalignment between
the pressure tube end and the west end fitting
bore. Therefore straightening of the pressure
tube end is again required to achieve damage-free
insertion of the end fitting over the pressure
tube and also to minimize rolling stresses
in the pressure tube. The pressure tube
straightening tool this time is installed through
the east end fitting and used in conjunction
with the alignment gauge in the mandrel at
the west end. .'.fter the required alignment
between the pressure tube and the end fitting is
achieved, the end fitting is pushed over the
pressure tube using the insertion fixture.
The final position of the end fitting is
indicated by a gauge on the end fitting that
measures the distance between the end shield
spot face and the end fitting face. The pressure
tube to end fitting joint is then rolled and
the gas annulus bellows welded to the end
fitting.

Feeder Reconnection

The final operation in the fuel channel
reinstallation process is the reconnection
of the feeder pipe to the west end fitting
side port. The feeder hub is cleaned, polished
and visually inspected using a set of small
hand tools. If the hub is satisfactory, a
seal disc is installed and the feeder is
reconnected. If however, corrosion damage
is found, the damaged surface is repaired before
reconnection.

In this instance the hub seat is measured
and lapped with a lapping tool. This tool
removes up to 0.003 inches (.08 mm) of material.
After the damaged surface is removed, the hub
seat is measured again and an appropriate seal
disc is machined to suit the measurement. The
feeder connection is made using a capscrew
insertion tool and a capscrew torquing tool.

CONCLUDING REMARKS

In the above, a brief description of the
fuel channel reinitali-tion process is provided
and some problems unique to LSFCRP are discussed.
These problems imposed some stringent
requirements on tool design. Atomic Energy
of Canada Limited CANDU Operations (AECL-CO)
have designed, developed and supplied the
majority of tools to Ontario Hydro for the
fuel channel reinstallation.
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NUCLEAR PLANT CARE AND MAINTENANCE DURING THE RETUBE OUTAGE

K.H. TALBOT
J.T. WIECKOWSKI

Ontario Hydro

ABSTRACT

The extended forced outage for reactor retublng
of Pickering Units 1 and 2 has prompted Ontario
Hydro to Implement a program, code named "Pick-up"
(Pickering upgrading). to ensure, as far as
possible, the satisfactory restart and subsequent
prolonged, safe and reliable operation of Units 1
and 2, after retubing is coaplete. The program
covers four areas:

1. plant lay-up

2. extensive inspection of equipment and structures

3. introduction of modifications and performance of
outstanding repairs

4. recomnissloning, to restart th« systems and
prove they are capable of supportin2 safe unit
operation.

1.0 INTRODUCTION

In August 1983, Unit 2 at Pickering Nuclear
Generating Station (NGS) suffered a pressure tube
failure which has resulted in an extended shutdown
to retube reactors 1 and 2. The Pickering Upgrading
Project, code named "Pick-up", was Initiated to
ensure minimum degradation of plant and equipment
during the approximately two year outage, and at the
sane tine to introduce Improvements which could
enable the units to operate safely and reliably for
an extended period of tine, of the order of 25 years.

A new technical group, consisting of 13
engineers, was formed at Pickering NGS to provide
dedicated project and technical direction to Pick-up.

This group will ensure that all Pick-up work is
done within the large seal* fuel channel replacement
(LSFC8) outage, ie, the forced outage should not be
extended by Pick-up. Timing of work is therefore
very Important. Table 1 illustrates key events -
actual and projected - associated with Pick-up.

TABLE 1: PICK-UP PROGRAM KEY EVENTS

- G16 pressure tube failure in Unit 2 83 08 01

- Decision to retube reactors 1 and 2 84 03 09

- Decision to initiate Pick-up project 84 05 01

- Commitment of Pick-up funds 84 08 07

- Pick-up unit formed at Pickering NGS 84 06 19

- start and completion of lay-up 84 08 - 85 02

- Start and completion of inspections 84 11 - 85 07

TABLE 1 (Continued)

- Scope of Pick-up program finally 84 12 01
defined

- Engineering work completed and 85 11 01
material delivered (Unit 1)

- Start and completion of all 85 07 - 85 11
modifications (Unit 1)

- Load fuel (Unit 1) 86 04 01

- start of training 85 06 01

- Predicted criticality (from LSFCR)

Unit 1 86 06 07
Unit 2 86 10 12

Pour phases of Pick-up projects were identified:

1. Equipment and System Lay-up

To minimize equipment degradation.

2. Inspection

To inspect equipment never before examined to
confirm its satisfactory condition after 12 years of
operation. Also, to complete inspections in excess
of what might normally be appropriate for a
preventative maintenance programme.

3. Modifications and Major Repairs

Installation of 88 items to ensure safe and
reliable performance after restart. Initially over
600 Items submitted by various departments of
Ontario Hydro. These were narrowed down to 88 after
careful analysis.

4. Return to service

Recommlstlonlng programme based on the highly
successful Pickering B commissioning programme to be
applied to the Unit 1 and 2 "return to service"
phase.

2.0 EQUIPMENT LAY-UP

The objective of lay-up Is to prevent
deterioration of equipment and to permit
trouble-free restoration of equipment to operations.
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2.1

All systems were put Into one of the following
lay-up conditions:

(a) Operational• If possible, systems were left in
fully operational state. This usually applied to
service systems (air, water, power).

<b) Shutdown Wet • ie, Filled with water of
suitable chemical composition (usually doped with
hydrazine) and operational in some fashion to keep
the water circulating.

(c) shutdown Dry. Usually dried using hot air, and
then blanketed with nitrogen under slightly positive
pressure.

Host systems were left operational froxi
immediately after the forced shutdown (ie, August
1983) until the lay-up conditions were established.

In totai, 23 major systems and their auxiliaries
were laid up in accordance with the above guidelines.

2.2

A "lay-up committee" was formed, at Pickering
NGS, to direct implementation of lay-up. The
station Chemist is responsible for monitoring
chemical conditions and reporting on them to the
lay-up committee. "System responsible engineers"
are responsible for drawing up plans to implement
lay-up, while the shift, ie. Production section,
carries out the work in the field and maintains
register of lay-up tags, hung on devices (eg,
valves, breakers) whose position is essential to the
maintenance of lay-up.

2.3

The status of major systems is as follows:

Heat Transport. Dry, filled with nitrogen.

Moderator. Pilled with light water, treated with
hydrazine, one pump running to circulate the water.

Boilers Peedwter and Peed Heating. Filled with
H2O, with hydrazine, and being circulated by a
special circulating system.

Main steam. Dry, filled with nitrogen.

Turbine. Dry, warn air circulated through the
turbine.

Moderator Heat exchangers. Secondary side dried,
vented, being kept dry by wara primary side water
flowing through the tubas.

Generator. Dry, filled with dry air and dessicants.

2.4

Putting lay-up into effect turned out to be a
•uch biggtr job than expected. The following were
the major steps:

(a) study and recommendation of what is to be laid
up and how

(b) instigation of Uy-up action by lay-up
committee and their execution by other station staff

(c) long-range monitoring, reporting and corrective
actions, as required.

2.5

The work at the station took approximately six
months to complete, with a total manhour expenditure
of approximately 12 000 manhours.

There were a number of difficulties in the way of
lay-up implementation, such as:

(a) Many systems were undergoing maintenance or
inspection and so equipment had to be kept open.

(b) There was permltry (work protection) associated
with the above, which at times prevented setting of
lay-up boundaries and fluid flows.

(c) Lay-up of complicated piping systems, such as
the heat transport (HT), is difficult to accomplish
due to complexity of the piping. Several attempts
had to be made before satisfactory N2 blanket was
established.

3.0 INSPECTION?

The inspection prograane consists of 57 major
inspections to be completed early in the Pick-up
programme. This is the first time that a long-term
operational Candu reactor has been subjected to
extensive and planned inspections. The objective of
the programme is to assess the condition of
equipaent after approxijnately 12 years of operation
at a lifetime capacity factor 79.3% and 80.7% for
Pickering 1 and 2 respectively. All inspections are
based on Inspecting a significant sample only, and
extrapolating the results.

3.1

The major Inspections are:

(a) calandna vault, and the various components in
it. These Inspections will be conducted using TV
cameras inserted into the calandria vault through
inspection ports. The following will be inspected:

- the exterior and support of calandria and dump tank

- dump port weld and expansion bellows

- bio-shield cooling piping

- concrete surfaces.

Radiation fields in the vault have been measured
at less than 100 R/h.

(b) nuclear pumps. both heat transport and
moderator. The pumps will be dismantled and
exaained in detail using ND Inspection techniques.

(c) conventional puaps - boiler feed and service
water. Significant wear and damage hmn alcaatty been
found in both types of pumps-

(d) nuclear and conventional heat exchangers (HXs),
were exaained using eddy-current techniques.

- moderator HXs - no problems found

- biological shield and and shield HXs - no problems
found
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recirculating cooling water HX - considerable
deterioration found, requiring replacement of two HX
bundles

- feed heating HXs - several were examined with no
problems found.

(e) Extensive inspection of one steam generator was
carried out. Tubes were examined using eddy-current
technique and two tubes were cut out for
metallurgical, analysis. Steam drum was entered;
parts of dry pan, and some cyclons separators, were
removed. Top of tube bundle - in the area of
U-bends - was inspected for deposits and signs of
fretting. There were no problems found anywhere and
the steam generator was confirmed to be in excellent
condition. No further inspections are planned.
However, a substantial buildup of hard sludge on top
of tube sheet, to a maximum depth of 40 cm, has been
identified.

(f) Electric cables on top of the reactivity deck
were Inspected. Ho significant deterioration.

(g) Reactor building containment structure and its
components will be visually inspected. Included In
the inspection are:

- piping and electrical penetrations

- concrete joints, such as perimeter wall/base slab

- perimeter wall

- reactor building dome and dome plug

- seal plate and welds

- various blow-out and pressure equalization panels.

(h) Major steam piping will be inspected by
ultrasonic technique to detect possible thinnings of
pipe wall in areas of suspected erosion.

(1) There will be Inspections of non-metallic
expansion joints which will be removed and examined
by Research.

3.2

In all cases, inspection results will be formally
documented and evaluated. Where defects are
discovered, they will be corrected and additional
inspections of the sam* components will be carried
out. That has so far bean the case with boiler feed
pumps, low pressure «n*rg»icy service water pumps
and recirculating water heat exchangers.

The inspection programme is wall underway with
completion expected in September, 1985.

4.0 MODIFICATIONS

once It has been decided that Units 1 and 2 will
be shut down for an extended length of tine,
planning for Pick-up modifications ccdmnctd.
Engineering Departments, Head Office Operations
Departments (CNS and RHEP) and the Pickering NOS
Technical Section were asked to outline and estimate
improvwmnts/modlflcatloni which they would Ilk* to
have Implemented.

These were to be of two kinds:

(a) modifications which were already planned Co
have been done within the next ten years of plant
operation

(b) cost beneficial modifications to improve
performance or safety of the plant.

4.1

Altogether, approximately 600 suggestions were
received which were reviewed in detail and
prioritized.

The following criteria were applied to this
review:

(a) the high probability of a major adverse
consequence if the work was not done (probability/
consequence analysis)

(b) "value for money", ie, cost versus expected
contribution to safe and reliable plant operation

(c) advantage of doing the work during the retubing
outage, rather than future outages, especially with
respect to minimizing radiation exposure and
difficulties associated with access

(d) engineering, procurement and installation had
to be coapleted within the estimated available time,
which was approximately 18 months.

4.2

out of the original 600, approximately 88 major
modifications and repairs are actually being
performed which include:

(a) ten additional shut-off rods to be installed in
locations previously occupied by adjuster rods

(b) high pressure emergency coolant injection
(HPBCI) to replace the existing low pressure
Injection of moderator water

(c) Pickering Annunciation Computer Enhancement
(PACE) is a project by which the capability of the
IBM 1800 central computers to handle annunciations
is enhanced by the addition of five mini-computers.
Th« control function of IBM computers is not
affected.

(d) a series of modifications to prcvlde for
reliable, extended operation of safety systems in a
loss of coolant accident (LOCA) and post-LOCA
situation. The more Important of these are:

- retention of moderator in the calandria for
additional heat sink during LOCA

- airlock shielding and water-tight compressions
type Airlock seals

- hydrogen igniters in the reactor building

- environmental protection of reactor building
distribution frames.

(e) provision of an "in-core LOCA" annunciation
signal

(f) provision of "low HT prasvur*" reactor trip
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(g) electrical system improvements
reliability of electrical supplies

to enhance

(h) installation of second D20 recovery pump.

5.0 MAJOR REPAIRS

Major repairs would have been necessary in the
next few years of Unit 1 and 2 operation. They have
been accelerated to take advantage of the extended
outage. Some major repairs arise out of
deficiencies identified during inspections.

5.1

The following are being done:

(a) Unit 1 turbine alignment, the need for which
had been brought about by slight settlement of
turbine foundations

(b) retuMng of main condenser air extraction zone
due to extensive corrosion and pitting or original
tubes

(c) repairs to deaerator Internals to eliminate
failures and damage caused by pressure surges during
power maneuvers

(d) major overhaul of fuel handling system

(e) repairs to end shield cooling piping within the
calandria vault to stop water leakage into the vault

(f) heat exchanger bundle replacement and
conventional pump overhauls arising from the
inspection progr

6.0 RBCOM1ISSIONING

On completion of Pick-up modifications and
repairs, adequate recommissioning will be performed
to return the unit to a safe and reliable
operational stite. Pull recoamissioning is
obviously required for the extensively modified
systems, but minimal commissioning will suffice for
systems which have been operational throughout the
outage. Interactions between systems will all be
looked at.

6.1

These problems will be addressed by application
of the Commissioning Quality Assurance programme
which has recently been very successful at Pickering
NGS with respect to commissioning of Units 5 to 8.

The essence of this programme - as applied to
planning and evaluation of commissioning rests on:

(a) systematic preparation/review of detailed
commissioning specifications which list the
important parameters and their desired values to be
confirmed during commissioning

(b) development and performance of a series of
procedures which put the systems through specific
operations to ensure they can meet the detailed
specification criteria

(c) detailed review and approval of commissioning
results

(d) review of all operation, maintenance and
training documentation to establish their
correctness and completeness with special emphasis
on system interactions

(e) providing appropriate documentation and records.

6.2

Depending on system condition &nd extent of
modifications, the commissioning effort may range
from visual inspection and routine call-ups, to
wire-by-wire checks and complete operational testing.

"commissioning Completion Assurance Meeting"
(CCAH/ is the means by which a complete and formal
review of commissioning methods and results is
carried out. The meeting has a standard format and
attendance which ensures that all aspects of
commissioning are looked at Dy the appropriate
people including regulators (AECB) and managers.

Each CCAH is documented and this documentation is
subsequently used as proof of satisfactory
completion of commissioning. CCAM will be held for
all systems on both Units 1 and 2 Atomic Energy
Control Board representatives are routinely invited
to attend these meetings.

6.3

Execution of commissioning activities is the
responsibility of the Production section.
Activities are carried out using approved Detailed
Commissioning Procedures.

6.4

Adequate training of licenced staff is a major
requirement of the operating licence. The Pickering
A simulator has not yet been modified to reflect the
changes implemented as part of Pick-up.

To facilitate hands-on training for panel
operators in the operation of HPECI, a
micro-simulation computer has been obtained and
appropriately programmed. Two other major
modifications, PACE and the additional ten shut-off
rods, do not require simulation. PACE will be
available in the control room long before startup,
and there are no new operation techniques required
for the additional shut-off rods.

The operating staff will receive normal simulator
refresher training. Also planned are an extensive
"In-class" and "In the field" training programme.

All categories of personnel, ie, operators,
malntalners and technicians, will be trained to the
standard previously established to operate Pickering
A and B stations. Standard, existing training
methods will be used, encompassing • combination of
theoretical and practical training, confirmed by
verification, monitoring by Quality Assurance
Section and auditing by Atomic Energy control Board.

7.0 CONCLUSION

The Pick-up project is an attempt to take
advantage of an extended forced outage. it is
accomplishing Its objectives of:

(a) protection of plant (lay-up)
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(b) establishing condition of plant (inspections)

(c) selection and implementation of major
improvements

(d) accomplishing the above with the minimum
radiation exposure and within the budget.

The keys to ensuring satisfactory and timely
completion of pick-up are:

(e) formation of dedicated project/technical group
at Pickering NGS, consisting mostly of people
familiar with Pickering NGS, its organization and
administrative procedures

(f) entrusting this group with considerable freedom
of action with respect to wh#* is to be done, and
also giving them control of the comitted funds

(g) provision of adequate trades manpower to
perform the work.

The project is on schedule and all Mandatory work
will be done as well as a lot of desirable work.
The Pick-up work will be finished before reactor
retubing is completed. Pick-up will make a
significant contribution to ensure that Units 1 and
1 maintain safe and reliable operation after
retubing.
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CALCULATION OF TWO-PHASE CRITICAL FLOW FROM A LONG PIPE

C.R. SLONGO, C.S. KIM, J.Y. STAMBOLICH

Ontario Hydro
700 University Avenue, Toronto, Ontario

ABSTRACT

A computer simulation model (BIRO - Break
Initial Rate of Discharge) has been developed" for
estimating the two-phase critical flow rate from a
long pipe (length-to-diameter ratio » 1 2 ) , based
upon upstream fluid conditions at a stagnant
source. Accuracy of the model in predicting the
fluid pressure along a flow path and the discharge
mass flux is shown to be very good over a wide
range of stagnation conditions (subcooled and
saturated liquids, and saturated steam at up to
17000 kPa pressure). The developed model (BIRD)
has been applied to design assist and safety
analyses of CANDU reactors such as estimating the
initial discharge rate from ruptured feeder piping
for small loss of coolant accidents.

INTRODUCTION

The discharge of hot and pressurized fluid from
ruptured piping is of concern in the operation of
industrial plants, particularly from a safety
viewpoint. CANDU nuclear reactors contain
significant lengths of small diameter piping
throughout, which are used during both nominal and
upset conditions. Fluid discharge from postulated
ruptures of this piping (i.e. long, small
diameter) is therefore of particular interest in
CANDU safety analysis. Specifically, estimation
of the discharge rate is required in predicting
thermal-hydraulic behaviour of the reactor,
operational control and safety system responses
following a pipe rupture.

A number of models have been previously
developed to predict the discharge rate from a
pipe; however, none are suitable for flow paths
with a very large length-to-diameter ratio (L/D)
and/or heat addition/removal. The model described
here predicts the steady state mass flux and fluid
conditions in a long pipe with known stagnation
conditions at its source, and also accounts for
the effects of heat addition/removal along the
long, frictional flow path.

connecting a higher pressure reservoir to a low
pressure environment can be choked if liquid
flashes to vapour within the flow path.
Therefore, a critical two phase flow model is
necessary to estimate the break discharge flow
rate and thermal-hydraulic conditions of interest.

Many models have been developed, describing the
two-phase flow phenomenon and providing the
critical flow rate. Selection of an appropriate
model for prediction of critical flow through a
long pipe depends upon the fluid conditions and
geometry under consideration. The discharge flow
rate calculated here is based upon the
"Homogeneous Frozen Model" (HFH) [1] which had
been developed for similar fluid and geometrical
conditions. This model assumes that the average
velocity of the two phases are equal, the two
phases remain in thermodynamic equilibrium up to
the break location, but the phase change Is frozen
at the throat (break exit plane). For a large
length-to-diameter ratio (L/D up to 2500), a sharp
pressure gradient was experimentally observed at
the pipe exit [2]. Flow was observed to gradually
accelerate along the flow path, with rapid
acceleration occurring at the exit where the
two-phase mixture was seen to be "froth flow". it
is evident that with a sufficiently large L/D. the
two-phase flow tends toward homogenous flow. Due
to rapid acceleration at the exit, however, the
composition just upstream of the exit remains
"frozen" while flow undergoes further acceleration.

For the throat conditions (subscript t), the
mass flux (G) is approximated by;

tPt/ vgt)] 1/2 (1)

where Pj Is the pressure at the throat, and
Vgt is tne steam specific vol'sw at the
throat. When there is no heat a^ition or loss,
exit quality at the throat, Xt, li given by

h f t
xt -

HODEL DESCRIPTION

The Discharge Model

For a given set of fluid stagnation conditions,
there can be a maximum compressible fluid
discharge through a pipe due to the phenomenon of
'critical' or 'choked' flow. For single-phase gas
or steam flow, the critical flow has been
extensively studied and its phenomenon is
amendable to exact analytical description. For
two phase compressible fluid or subcooled liquid
upstream conditions, flow through a pipe

in stagnation enthalpy, h0, and liquid and
latent enthalpies just upstream of the throat,
h|t and hfgt. respectively.

Equation (1) is in a simplified form of the
throat Homogeneous Frozen Model which covers a
wider range of throat quality. It demonstrates
that the two-phase critical flow is essentially
determined by both the throat pressure (Pt) and
mixture quality at the throat (Xt). It follows
therefore, that for a long pipe the evaluation of
flow rate is influenced by the long frictional
patti and any heat addition (or loss) which has an
effect on the mixture quality. Consequently, the
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effects of both the long fractional path and
energy addition/removal must be included when
modelling the break discharge flow path.

Modelling of the Flow Path

Typical flow path geometry, along with the
symbols used, is Illustrated in Figure 1. The
stagnation point (reservoir) is taken to be the
point at which the velocity of the flow is small
as compared to the flow velocity in the rest of
the flow path. To accurately determine the
effects of pressure losses and heat flux on fluid
conditions and mass flux along a flow path, the
flow path Is broken into a number of individual
nodes, each containing its characteristic piping
geometry such as length, average surface
roughness, piping bends, entrance or exit, etc.
The number of nodes modelled for a particular flow
path depends upon the specific geometry.

Stagnant Soul

W = constant (2)

pThroat
HTr.ro«t
••Throat

WThro.1

pAmoitm

FIGURE 1
Multi-node Representation of a Typical Long
Pipe Flow Path for Discharge Estimate from

a Stagnant, Pressurized Source

Influences of the frlctional path and heat
addition are accounted for by a homogeneous flow
model using the one dimensional mixture
conservation equations, which are applied to each
individual node:

the continuity equation is.

where W * A x G and A is the pipe or break area.
The momentum equation is integrated along the node
flow path to give the ovetall pressure drop
between the upstream node exit pressure (Pup)
and the node exit pressure (Pe) as

P - P
up e 2"f (3)

7?he coefficient [K + f L/D], represents the
composite of all geometric characteristics along a
node flow path including wall friction, area
changes, entrance or exit losses, pipe
bend/fitting losses, etc. The friction factor, f.
is calculated in two ways; based upon both the
fluid Reynold's number and the piping surface
roughness. The maximum of these two values is
used In all pressure drop calculations.

The friction factor due to the piping surface
roughness, fsp. is calculated for the completely
rough regime as first derived by von Karman and
subsequently modified by Nikuradse [4]. The
Reynolds number (Re) dependent friction factor,
fp_e, is calculated based upon Blasius's formula
for a smooth pipe. They are given by.

f B = .3164 ( R )
-1/4

S R 2(log + 1.74)

where R is the average roughness height.

The flow path node density is assumed to be an
average of the density Immediately upstream of a
node, PUp, and the node exit density

 p
e:

p p— up + ep = —s. (4)

The upstream node density can be evaluated from
the known upstream node exit properties, namely.
pressure and enthalpy. The node exit density,
p
e, can be calculated from the node exit

quality and saturation properties evaluated at the
node exit pressure:

1
(5)

The equation of state relates the node exit
density (Pe) to the node exit pressure (Pe)
and quality <Xe),

"e (Pe'V (6)

The node exit quality, Xe. is in turn
evaluated assuming lsenthalplc flow expansion
except for the final node exit quality. For the
final node, the node exit (i.e., throat) quality
is assumed to be "frozen" in that the quality
remains unchanged from that of the upstream node.
This is in accord with the homogenous frozen model
assumpt ions.
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Energy addition/removal is represented by a
change in enthalpy of the fluid over a node flow
length. Therefore, the node exit enthalpy. h e,
is the sum of the jpstream enthalpy h u p and the
enthalpy change due to heat addition/removal to
the fluid:

he " hup ± Q / w (7)

where

Q: is the heat addition/removal rate, and
H: is the discharge mass flow.

The node exit enthalpy is also:

he " h f e
 + Xe hfg e

 (8>

where hf and hfq are saturation enthalpies
evaluatedeat the noaf exit pressure. Solving (7)
and (8) for the node exit quality yields:

Xe =

h u p + Q/w +

(9)

The discharge mass flow rate W. can be
evaluated using an iterative technique involving a
trial and error solution for Equations (1) through
(9). Such an approach uses an initial estimate of
the mass flux based upon the source stagnation
conditions and exit ambient pressure. Iteration
is then done on the node exit pressure of each
node, beginning with the one adjacent to the
stagnation point, until its' exit pressure is
sufficiently close to the value determined from
the expression for pressure gradient along the
flow path (Equation (3)). The critical mass flux
is evaluated at the exit (i.e. throat) of the
final node (Equation (1)) and the entire process
is repeated, based upon this new mass flux
estimate, until the change in mass flux between
two calculated values is sufficiently small. This
model described has been developed into a computer
code referred to as. BIRD (Break Initial Rate of
Discharge) and has been applied to many piping
ruptures in CANDU nuclear reactor safety and
design assist analyses.

COMPARISON OF MODEL PREDICTIONS TO EXPERIMENTAL
DATA

Suitable experimental data of flow through a
long pipe from a stagnant source, particularly
involving heat addition along the flow path, are
scarce. Data is drawn from published results of
Fauske [5], Uchlda and Nariai [2], Agostinelli
[6]. and Cumo [7]. Observations of the effects of
heat addition made by Bergles and Kelly [8] are
also considered. Table 1 summarizes the
conditions considered in each set of experiments.
Fauske used a long, small diameter pipe with high
pressure (4 MPa) saturated liquid stagnation
conditions. A long, small diameter pipe was also
used by Uchida and Nariai, with various lengths
considered. Both subcooled and saturated liquid
stagnation conditions at low pressures (less than
800 kPa) were reported. In Cumos' experiments a
long, small diameter pipe is used with stagnation
conditions of subcooled and saturated liquids, and
saturated steam at fairly high pressures (1300 to
2000 kPa). The pipe geometry of Agostinelli
involved an annular flow area, with * solid

cylinder Inside a larger diameter pipe. Only
subcooled stagnation conditions at high pressures
(3 to 17 MPa) were reported. Kelly's experiments
utilized a long, small diameter pipe witn
subcooled stagnation conditions and heat input
along the flow path.

The pressure profile along a particular flow
path and discharge mass flux are examined in
detail. Accurate prediction of the pressure along
a flow path (pressure profile) is essential to the
accurate determination of both the throat pressure
and quality, the key parameters used in the
discharge mass flux estimate. The working fluid
is HjO in all cases considered.

A comparison of pressure profiles are shown for
three representative cases involving different
fluid stagnation conditions; subcooled liquid
(Figure 2), saturated liquid (Figure 3), and
saturated steam (Figure 4). In all cases, an
abrupt pressure drop can be seen at both the
entrance and exit planes in the BIRD model
predictions. These are a result of modelled
losses due to entrance contraction and exit
expansion, and are more abrupt, particularly at
the exit plane than is indicated by the
experimental data. Flashing to vapour occurs
prior to the flow path exit since the source
stagnant volume is not sVibcooled below the
saturation temperature corresponding to the
ambient pressure being discharged into.
Frlctlonal pressure losses of single phase liquid
are relatively uniform and result in a constant
pressure gradient, as seen in Figure 2. As
flashing occurs and fluid quality Increases along
the flow path, frictional pressure losses become
greater. This is evident in Figures 2, 3 and 4,
where the pressure gradient increases when vapour
is present in the flow path. Agreement between
pressure profiles is good in all cases. This
agreement in pressure predictions indicates that
fluid properties and mass flux are also accurately
predicted.

Comparison of discharge mass flux predictions
with those reported by Agostinelll generally shows
very good agreement (Figure 5). with no preferred
tendency to either over or under predict.
Subcooled stagnant source conditions with flashing
starting prior to the exit plane was observed in
all cases (Figure 2). Uchida-Narlal results for
subcooled stagnation conditions (Figure 6) are
slightly underpredicted by the model but agreement
is again good. The Fauske experiment used
saturated liquid stagnation conditions and
agreement with the model predicted discharge mass
flux is good. Additionally, as discussed
previously. the Cumo experimental pressure
profiles involving saturated liquid stagnation
conditions were accurately predicted by BIRD.
Systematic underpredictions of Ochlda-Nariai
results are shown in Figure 6 for saturated liquid
stagnation conditions. Investigation of the
pressure profiles shows very good agreement along
the flowpath until the exit plane, where the model
predicts too large a pressure loss. As a result,
the exit plane pressure is low and quality is
high, which combine to underpredlct the mass
flux. This discrepancy Is suspected to be a
combination of experimental measurement
difficulties when two-phase Is present
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TABLE 1 - Experimental Data Used for Model Comparison

Experimenter

Cumo
[7]

Agostinelli

Pipe Inner
Diameter

5 ran

.15 co .43 mm
(hydraulic
diameter )

L./D

300

i 600
to
1700

Stagnation
Pressure

1400 to 2200

2860 to 17300

kPa

kPa

Stagnation
Fluid
Conditions

17°C subcooling
to
saturated steam

203 to 316OC
(subcooled liquid)

Flow Path
Geometry

- straight, vertical pipe
- sharp edged entrance

- horizontal, annular flow
area

- sharp edged entrance

Uchida-Nariai
[2]

4 ram 134
to
625

294 to 785 JcPa 20°C to 170°C
(subcooled and
saturated liquid)

- horizontal, straight pipe
- sharp edged entrance

Fauske
[5]

3.18 mm 450 4000 kPa 25°C - horizontal, straight pipe
(saturated liquid) - sharp edged entrance

Bergles-Kelly 2.4 mm 90
[8] (.094 inches)

up to 690 kPa 93°C - horizontal, straight pipe
(subcooled liquid) - sharp edged entrance

- heat addition along flow
path

0 50 100 I M 200
Dlttanct from Entrant* (mm)

FIGURE 2
PrHivr* Proillt Comptriton of Agoifinillj Experiment]

ISubcooltd SUgnuion Conditioni)

800 1200 1600 3000
• from Emmie* tawnl

FIGURE 3
Prtuurt Profil* Comparifon of Uchidt-Niriil Exptrinwils

tSatunnd Liquid StignitiOfl Conditions)

too —

000-

•00-

400-

400-

200-

.••..MOtHI P

40

•nut Vi

radiction

10 120

^0- fWOkPi

ISO 200 240 2BO

0 200 400 600 800 1000 1200
Oltime* Iram Entrinet imml

FIGURE 4
Prauurt Profilt Compiriion of Cumo Exptriminu

(Satur«tid Sttim Sugnroon Canditionti

along the entire flow path, and uncertainties
associated with experimental and modelled exit
geometries.

In Bergles and Kelly's experiments [83, it was
observed that the discharge mass flux is sensitive
to heat addition along a flow path at low flow
qualities. In fact, the discharge mass flux was
found to decrease significantly at low qualities.
At higher flow qualities (above approximately
A percent), however, the discharge mass flux was
found to not be significantly influenced by heat
addition. The BIRO code successfully predicts
this sensitivity of discharge mass flux to heat
addition.

While the BIRD code has been primarily
developed for practical application in estimating
flow In a variety of engineering applications,
favourable comparison with experimental results
over a wide range of stagnation conditions
provides confidence in its' ability to accurately
predict critical two-phase flow from long pipe.

MODEL APPLICATION

Of major concern in safety analyses of CANDU
nuclear generating stations are loss of coolant
accidents (LOCAs) resulting from piping breaks
within the heat transport system piping
(Figure 7). The feeder piping and fuel channel
are very long and have small fluid flow areas.
They are therefore considered to be long pipes
(i.e., large L/D ratio). There are no perfectly
stagnant volumes within this piping geometry,
however the two reactor header fluid volumes are
very large as compared to those of a single
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FIGURE5
Discharge Mass Flux Comparison of

Agostinelli Experiments
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FIGURE 6
Discharge Mass Flux Comparison of

Uchida-Narial Experiments

channel feeder piping and fuel channel and they
therefore act as stagnant reservoirs when a pipe
rupture occurs within the flow path.

As an application of the BIRO model, a
guillotine rupture of the inlet feeder at the
graylock joint (Figures 7,8) during normal reactor
conditions is considered. The thermalhydraullc

conditions used for the code simulation are shown
in Table 2. Both the mass Elux and flow path
pressure profile ate examined. Note that there
are two flow paths to be considered (one running
from each of the headers to the break; namely, RIH
and SOU) with the path running from the ROH having
heat addition to the fluid along the fuel channel
section Call fuel bundles are assumed to be in
place and producing nominal heat).

The pressure profile prediction of the model is
shown in Figure 8. Coolant in the RIH is
subcooled at 11.3 HPa while in the ROH it is a
liquid-vapour mixture at 10.0 HPa. In the RIH
flow path the fluid remains subcooled throughout,
flashing to steam at the exit plane as the
pressure falls below the saturation pressure of
5.2 HPa. At the entrance to the inlet feeder
there is an immediate pressure loss as the
subcooled liquid passes through the contraction
from the large reactor header volume to the small
diameter feeder. Note that the pressure profile
of this flow path consists of a series of sections
with varying, constant gradients, not a single,
constant gradient as might be expected for
subcooled liquid frictional pressure losses. This
is due to the presence of various piping
geometries (I.e. bends, contractions, expansions,
etc.) which cause pressure losses in addition to
piping wall friction. The resulting effect oh the
pressure profile is captured by BIRD through its'
nodalization of the flow path. Model prediction
of the break discharge flow rate from this break
end is about 130 kg/s with a throat quality of
5.5 percent.

The fluid is a two phase mixture throughout the
entire flow path connected to the ROH, as the
pressure Is below the saturation pressure of
10.0 HPa. Again, an immediate pressure loss is
evident as the fluid passes through a contraction
at the entrance to the small diameter outlet
feeder. The majority of pressure losses occurs in
the fuel bundles and inlet end fitting. As the
fluid passes through the fuel bundles, heat is
added to it and the amount of vapour present is
further increased. A greater amount of steam
causes the frictional pressure losses to
increase. Again, a large drop in pressure is seen
at the exit plane due to a rapid increase in the
quality and exit plane geometric loss due to
expansion to the atmosphere . The break discharge
flow rate from this break end is predicted to be
about 34 kg/s with a throat quality of
38 percent. Therefore, the combined predicted
discharge from both break ends is about 164 kg/s,
of which about 80 percent is estimated to be
discharged through the flow path from the RIH and
the remaining 20 percent from the ROH via the
heated core. If the discharge estimates were
based upon only the break flow area and stagnation
conditions, much larger values of 360 kg/s
(130 kg/s critical flow) from the RIH break end
and 200 kg/s (34 kg/s critical flow) from the ROH
break end would result. Therefore, the importance
of pressure losses and the phenomena of 'critical
flow' in limiting the discharge flow rate from a
long pipe is evident.
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Nota: A maximum of ont rtduce r applies to eacn
feeder inltt and outltt side (not uitd in all
channel!)
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FIGURE 7
Typical Main Heat Transport Feeder Arrangement

RIH

Mass Flux - 44 568 kg/m'-s IRlH End)
12 040kg/m--s IROH Endl

Fual Bundlw
Flaw to Break

7,Steam is present throughout the
entire flow path connected

to tne ROH

Outlet Feeders
ROH

Flow to Break
o

12 15 18

Distance from Inlet Header (m)

24

FIGURE 8
Pressure Profile of Inlet Feeder Piping Rupture at
Entrance to Inlet End-Fitting (Darlington NGS)
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TABLE 2 - Conditions Used For BIRD Simulation of CANTO
Feeder Pipe Rupture (Darlington NGS)

Stagnation
Pressure, Po (kPa)

Stagnation Temperature, T o (°C)

Stagnation Fluid Condition (D2O)

Ambient Pressure (kPa)

Feeder Piping Geometry
L/D
elevation drop (a)

End Fitting L/D

Fuel Channel L/D

Heat Addition (kW)

Reactor Inlet Header
(RIH) Break End

11311

Reactor Outlet Header
(BOH) Break End

10000

266

subcooled liquid

101 kPa

146
4.9

-

310

two-phase fluid

101 kPa

160
5.0

4 (inlet)
3 (outlet)

90.

6220.

SUMMARY

Prediction of the fluid conditions and mass
flux at the exit of a ruptured long pipe is
important in the design and operation of many
industrial plants, and in particular JS it
pertains to safety analysis of nuclear generating
stations.

An analytical model for the estimation of
two-phase critical flow rate from a long pipe has
been developed which is highly idealized and based
upon first principles of the simplified two-phase
flow conservation equations. These equations,
combined with a discharge model based upon the
throat (or exit) pressure are built Into a
computer program. BIRD. The code is thought of as
an "engineering" tool, In contrast to the
physical/mathematical means for examination of the
critical two-phase flow phenomenon.

A detailed comparison of the model with
experimental data has been performed. It
generally shows good agreement both in the throat
pressure (or pressure profile) and mass flow
estimate over a wide range of stagnation
conditions and various piping geometries. This
comparison gives a high degree of confidence in
the model predictions for a variety of engineering
applications.

The developed model (BIRD) has been applied to
design assist and safety analyses of CANDU
reactors, such as estimating the Initial discharge
rate from ruptured feeder piping for small loss of
coolant accidents.
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ABSTRACT

The ASSERT subchannel code has been developed
specifically to model flow and phase distributions
•within CANDU fuel bundles. ASSERT uses a drift-flux
model uhich permits the phases to have unequal
velocities, and can thus model phase separation
tendencies which may occur In horizontal flow. The
basis principles of ASSERT are outlined, and com-
puced results are compared against data from various
experiments for validation purposes. The paper
concludes with an example of the use of the code to
predict critical neat flux In CANDU geometries.

1. INTRODUCTION

As a nuclear reactor system relies entirely on
fluid circuits for energy transport, mathematical
modelling of thermalnydraulic phenomena plays an
important role In reactor design and development,
and methods of improving the accuracy and efficiency
of thermalhydraulic computations are sought con-
tinually. In a CANDU reactor, for example, the
fluid behaviour may be adequately described by
one-dimensional (cross-sectional averaged) models
throughout moat of the piping network. However, in
the reactor fuel channel, flow must distribute
itself amongst the intricate flow passages of the
fuel bundle. One-dimensional analysis is adequate
here to simulate overall or bulk energy transfer,
but multi-dimensional analysis Is necessary to model
detailed local distribution of flows and
temperatures inside this complex geometry. In
particular, the conventional method of predicting
critical heat flux (CHF) for natural uranium fuelled
CANDU bundles Is by applying a CHF correlation based
on one dimensional (cross sectional averaged) flow
parameters. Such correlations are derived from
curve fits to CHF data measured in experiments
designed to closely simulate the geometry and heat
flux distribution in CANDU bundles. These
correlations are adequate to predict behaviour of
current reactors, but may not be applicable to
future designs that have radical changes in radial
flux distribution or geometry, as such changes may
significantly alter the distribution of flow within
the fuel bundle. These variations can be assessed
only by another experiment or by Introducing a
multi-dlmen3lonal flow calculation, for example In a
subchannel code. In such a code, local flow and
void distributions are calculated within the
individual 'subchannels' or passages between fuel
rods, and a local CHF correlation lc then applied to
each subchannel to assess when these local
conditions will generate CHF.

The ASSERT subchannel code [l] has been developed to
address the computation of flow and phase distri-
bution within the subchannels of CANDU bundles which
are horizontal. Unlike conventional subchannel
codes auch as COBRA [ 2 ] , which are designed prim-
arily to model flow in vertical fuel bundles, and
use a homogeneous mixture model of two phase flow,
ASSERT uses a drift-flux model which permits the
phases to have unequal velocities and includes
gravity terms which make it possible to model phase
separation tendencies whifih may occur in hor.zontal
flow.

The development of ASSERT has Included validation by
comparison of computed results to data from a number
of experiments involving two phase flow in hori-
zontal channels [3] and vertical bundles [ « , 5 J .
Recently ASSERT predictions of CHF have also been
compared to the Ul horizontal 37-rod bundle experi-
ments.

2. THEHMALHYDRAULIC MODEL

The thermalhydraulic model equations used in
ASSERT-1 (Version 1) are derived from the two-fluid
formulation. The two-fluid equations are combined
to obtain the ASSERT model equations detailed in
Table 1. The transportlve form Is obtained from the
conservative form merely by subtracting the identity
expressed by the mass equations. ASSERT has options
to 3oive either the two fluid drift-flux model or
the homogeneous mixture equations.

2.1 Subchannel Equations

ASSERT uses the subchannel approach used In the
development of the COBRA-IV[2] computer code.
Subchannels are defined as the flow areas between
rods, bounded by the rods themselves and imaginary
lines linking adjacent rod centres. Subchannels are
divided axially into a number of control volumes
which communicate axially with neighbours In the
3ame subchannel and laterally across fictitious
boundaries (gaps) with control volumes in neighbo-
ring subchannels. The relationship between the
reactor core, a fuel channel and the definition of
particular subchannels Is given in Figure 1.
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Table 1. Conservation Equation? used in ASSERT Figure 1.

The development of finite difference analogs to
express the equations of Table 1 with respect to
subchannel control volumes follows the approach used
In COBRA, but unlike COBRA, the transverse gravity
terras are retained, making it possible to use AS-
SERT-t to model the effect of gravity on horizontal
two-phase flows even if the homogeneous option is
used. Spatial differenced versions of the model
equations are derived by applying the conservation
equations to a representative control volume taken
from subchannel i(k) which shares gap k with an
adjacent control volume in subchannel J(k) between
axial nodes J-1 and j. Details are given in the
user's manual [1].

2.2 Closure Relationships

The required closure relationships, as indi-
cated in Table 1, are the equations of state and
constitutive relationships relating relative velo-
city, fluid friction, wall heat transfer, inter-
facial heat transfer and thermal mixing to primary
variables, phasic flow velocities, densities, en-
thalpies and pressure.

Formation of Subchannel Control
Volumes

The relative velocity is the heart of the
successful application of the ASSERT model to hori-
zontal bundles and channels. It comprises several
effects including:

i) relative velocity due to cross section
averaging

ii) local relative velocity due to gravity
separation

111) void diffusion, and
iv) preferred phase distribution patterns.

These effects are included In^the model by expres-
sing the relative velocity, V , in terms of the
mixture volumetric flux, j :

- (Co-
gj

(6)

The first term on the right accounts for the rela-
tive velocity due to cross section averaging, Co is
the phase distribution coefficient. The second term
represents the local relative velocity between
liquid and vapour driven by gravity. The last term
accounts for void diffusion toward a preferred
distribution. Axial direction modelling considers
only the first two terms; while lateral modelling
considers the last two terms:
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U • (Co - 1)j + u (axial relative velocity) (7)

V • v . - (c/al) A, .(a - a 0) (lateral relative
gJ J velocity) (8)

The drift velocity of the bubbles, v , is
expressed in terms of terminal bubble rise velocity,
V , as follows

SJ
a( 1 - a) V oca <(>, (9)

where n may vary from zero to 3. V^ is the ternlnal
rise velocity which can be expressed as

V - <Jggn (10)

where * is the direction angle of the connection
between subchannels. Local drift Is assumed to be
dominant only in the lateral direction and negllble
In the axial direction. This term models the gra-
vity separation of the phases for horizontal flow.

The void diffusion term, E V(a - a ) Includes
the latter two effects, the turbulent diffusion of
void fraction and the diffusion toward a nonuniform
void. The parameter a is an equilibrium void
fraction included to account for experimentally
observed tendency of void to migrate toward larger
subchannels. The diffusion equation is expressed,
as in the case of single-phase, in terms of the
Peclet number e /VD, from the work reported by
Rudzinski [6] for void ranging between 0.30 and 0.6.

e /VD - C ( a / 0 . 6 ) ' ( 1 1 )

2.3 Solution Procedure

The numerical solution over the bundle cross
section at each axial position is split Into two
parts. The first part solves the energy and state
equations, using a block iterative method to calcu-
late the mixture and phasic enthalpies for all
subchannels, where current flow estimates are used
as parameters. Once the energy equation solution
inner Iteration converges, the second part calcu-
lates the flows and pressure gradients at that axial
position. This is done by the direct matrix
solution of the crossflow equations from which it is
possible to calculate axial flows and pressure
gradients. Both parts are repeated onoe to ensure a
higher level of convergence of both energy and flow
solutions prior to moving to the next axial
position. The channel i3 successively swept from
the inlet to the exit. This outer iteration con-
tinues until convergence is achieved or until an
Iteration limit Is reached. Successful completion
would yield a steady-state solution or one time-step
of a transient solution.

The ASSERT code can be run with either flow, or
header-to-header pressure drop specified, and has
been written In a plane by plane solution mode which
eliminates any restriction on the number of axial
nodes used.

2.'4 CHF Methodology in ASSERT

The probability of making a successful pre-
diction of local CHF obviously is a direct function
of the success of predicting lr.cal flow and phase
distribution. In ASSERT, the CHF prediction is
performed subsequent to calculation of flow distri-
bution.

Whalley et al. [7] developed a model to calcu-
late CHF for vertical annular upflow in round tubes,
The method Is based on the assumption that the flow
regime is annular. The essential features of an-
nular flow are that the gas travels in the centre of
the channel, a liquid film travels on the channel
walls and liquid drops are carried along with the
gas flow. The continuity equation for the film flow
in the liquid annulus is written in terms of evapo-
ration, entralnment and deposition, and solved for
the dryout point, at which film thickness is ef-
fectively zero. In ASSERT the equation is solved
for each subchannel to predict the rod, subchannel
and axial location where dry-out occurs.

3. VALIDATION STUDIES

The early part of ASSERT development co ~en-
trated on the development of a suitable thermal-
hydraulic model [8] and then on validation, which,
of course, involves continuous development.

3.1 Comparison with Air/Water Twin Channel
Experiments

The work of Tapucu on exchange ot air-water
mixtures flowing in two parallel square com-
municating channels was used for ini t ial testing of
the ASSERT code. Details of these experiments and
the experimental technique are reported in reference
[9]; channel dimensions are given in Figure 2. The
experiments were run at the same init ial nominal
mass flux of 3060 kg m-23-' in both subchannels but
for different ini t ial voids and different orien-
tations. The key parameters pressure, void
fractions, and liquid and gas flow rates in both
channels along the interconnection, were measured at
several axial locations.

Until recently, code comparisons with these
experiments had concentrated on modelling void
fraction in particular cases [10] and on exhibiting
correct qualitative trends. A sufficiently general
model, however, should be able to reproduce trends
quantitatively throughout the entire spectrum of
experimental conditions. This is not an unrealistic
demand in this cas° as the data base and range of
parameters are quite limited. The current research
ha3 modelled both void fraction and mass flux for
the entire range of 17 experiments.

In the vertical orientation, only two mecha-
nisms are active, the diversion cross flow and the
turbulent exchange. The experiments are well docu-
mented and good agreement with measured pressure
drops was first obtained by a single-phase friction
ractor and Armand two-phase multiplier. Together
with a good estimate of form loss, tftese closely
determine the pressure driven diversion cross flow.
Pressure driven cross flow Induces a co-current flow
of air and water t-> flow from the higher pressure
channel. In the experiments, pressure is quickly
equalized in the slot, but the high void channel
requires a higher initial pressure to overcome the
two-phase pressure drop. A typical pressure profile
is shown in Figure 3, along with computed pressures.
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The initial tendency in the vertical experiments is
therefore for the recipient or low void channel to
gain a.r and water from the donor. However, when
the void fraction in the donor is high, the tendency
towards turbulent exchange increases. This results
in some counter-current flow in which SOJBS liquid
returns from the recipient to the donor and is
replaced by air. This tendency Is readily simulated
by the diffusion model, increased diffusion augments
the tendency towards counter-current exchange.

Comparisons showed that diffusion in the ver-
tical ca3e could be modelled reasonably well by
using the simple relationship based on donor void
given by equation (11) with C - 0.075. A constant
value of 1.13 was used for CQ. These values were
used to model experiments throughout the data range,
and typical results showing void fraction and mass
flux profiles are given in Figure M. Note that In
the void fraction profiles, donor void fraction
initially Increases somewhat, although air transfer
is taking place to the receiver. Thl3 is typical of
the experiments and is due to the fact that at the
low experimental pressures (nominally 0.15 MN/m*)
the air expands significantly as it descends the
pressure gradient.

In the horizontal orientation, cross flow is
now driven by gravity as well as pressure and dif-
fusion. In simulating the experiments it was postu-
lated that although the internal distributions would
be different from the vertical case, the turbulent
exchange would be of the same magnitude. Attention
was therefore turned to the formulation of the
relative velocity due to gravity. Investigation
showed a suitable choice in equation (10) was
kt- 1.0 and k, - 0.25 with n - 0.0 in equation (9).

Two orientations were examined in the experi-
ments, with the donor or high void fraction channel
above and below the recipient, denoted by H° and H^
respectively. In the former case, gravity drift
does not cause exchange, and diversion cross flow
and turbulent exchange dominate. In the latter
gravity drift 13 significant, but the initial inter-
change is a pressure drlren diversion cross now
during which both air and water flow from the donor
Jnto the recipient above. Eventually gravity forces
tend to become dominant atid counter—current lateral
flow is set up.

Figures 5 and 6 show typical comparisons for
the horizontal case H° -\ and its inverse H^-1.
This particular pair of experiments was chosen
because of the interesting behaviour of mass flux
shown in Figure 7. This clearly illustrates that
the initial tendency towards pressure driven co-
current exchange is eventually overcome by gravity
driven counter-current exchange. Further details of
the comparisons are given In [3].

3.2. Comparison with Experiments in Vertical
Bundles

The first bundle experiments used for vali-
dation were conducted by Sosio and Tmset usXng a
vertical seven rod bundle [11], The bundle con-
sisted of one electrically heated 3.6 m long centre-
rod with a uniform axial power and 3lx unheated
peripheral rods, Figure 8. Simultaneous measure-
ments of subchannel void fractions were performed in
the shaded zones of Figure 8 by means of an impe-
dance probe at three axial levels. The average void
In the subchannels was calculated by integrating the

local values. Measurements were obtained at the
various mass fluxes around 1500 kg m-2s-J, 16 and 30
bars pressure and about 5°C inlet subcooling.

Both ASSEHT and COBRlS-IV were used to simulate
the complete repertoire of six experiments, without
tuning to fit any particular experiment. ASSERT
successfully simulates the experiments, and the
difference between the ASSERT predictions and the
experimental results averages less than 10J as
typically shown in Figure 8. Large circles are used
to plot the experimental results in order to depict
the ±2% uncertainty of the measurements reported in
[11].

COBRA-IV vastly underprediots the void in the
outer subchannel, 2, as shown In Figure 8. For the
heated subchannel, 1, COBRA-IV overpredicts the
void, although one expects that the Levy's void
correlations would accurately predict the void in an
Isolated heated subchannel under such low subcoo-
ling. The reason for the failure of COBRA is not
the void correlation but the mixing model. The
correct modelling of two-fihase mixing between sub-
channels leads to the correct exchange of void and
liquid. In an effort to tune the mixing model in
CUSRA-IT the turbulent Interchange term was mul-
tiplied by a factor of 10. This increase in mixing
did lead to the eventual appearance of void in
subchannel 2 as shown In Figure 8. However, even
this excessive increase c?""!ot tune COBRA to fit the
data acceptably. Further comparisons are discussed
in [«].

The experiments used in a second validation
exercise were conducted By Nylund et al. Two
bundles were tested, one with 6 rods and one with
36+1 rodsCi23; both were uniformly heated with rods
of 13.8 mm outer diameter and 1.1 m heated length.
In the 36+1 bundle, an unheated centre rod of 20 mm
diameter was used. The void was measured with a
multi-beam gamma ray densitometer. By manipulating
the beam in the radial direction it was possible to
measure the void in different zones of the bundle.
The 36+1 bundle were divided in three zones as 3hown
in Figure 9. The measurements were taken at several
axial locations In the bundles. Mass flux was again
about 1000 kg m "s , pressure 50 bars, subcooling
varied from 1° to 20°C.

Both ASSERT and COBRA-IV were used to simulate
the experiments. ASSERT was used without tuning to
fit any particular experiment. However, for COBRA-
IV, different options were tested to choose the ones
which give the best overall general agreement with
the experimental results. The Levy subcooled void
correlation and Armand modified void fraction cor-
relation gave the best general agreement. Specifi-
cation of a correlation for aubcooled boiling is not
necessary in ASSERT aa a mechanistic model is used.

For the 36+I rod bundle, the scatter in the
measurements of zones 1 and 2 was too large for
meaningful comparison: the measurements in the
remaining zones are quite consistent as shown in
Figure 9. Here the comparisons reported are only
txitutle average, and zones 3 and 1 Because of tfie
lower scatter in the experimental results.

Typical ASSERT and COBRA-TV predictions are
shown in Figures 10 and 11. ASSERT predictions are
in good agreement with experimental results
especially for low inlet subcooling as shown in
Figure 10. In these cases the mixing between sub-
channels is dominated by two phase effects, and
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ASSERT predicts the void profiles slightly better
than does COBRA. For experiment 30316 (Figure 11)
suboooling was quite high, and a significant length
of the bundle is In single phase. In these con-
ditions the accuracy of the ASSERT prediction
deteriorates slightly due to the neglect of single
phase mixing and COBRA improves correspondingly. In
none of the cases, however, do the COBRA or ASSERT
predictions show unreasonable discrepancies. Compa-
risons for all the experiments are given in refe-
rence [5].

3.3 Validation for CAHtiu 37 Rod Bundle Geometries

Recently a series <jf experiments, sponsored by
the Atomic Energy of Canada - Ontario Hydro CA1JDEV
co-operative agreement, have been completed in the
Chalk River Nuclear Laboratories U1 experimental
facility to measure critical heat flux (CHF) in a
full size 6 m horizontal channel containing an
electrically heated simulated string of CANDU 37 rod
fuel bundles [13]. The set of experiments used for
the comparisons also had a non-uniform exit biased
cosine axial heat flux profile. The bundles were
tested in the U1 loop which supplied light water
coolant at flows, temperatures and pressures cove-
ring the range of Interest to CANDU operation and
subject to the following limits: pressure 13.9 MPa,
power 12.25 MW and flow 17.0 kg/s. Tests were
completed at four nominal pressure levels, 6 nominal
flows and seven nominal values of inlet subcoollng,
and results Included pressure, temperature, and
conditions corresponding to the first detectable
occurrence of CHF on the available instruments, as
evidenced by a surface temperature rise of at least
2°C associated with a small increment in electrical
power to the bundle. The Instruments used to mea-
sure rod temperatures included both resistance
temperature devices (RTD) and sliding thermocouples.

3.3.1 Prediction of Flow Distribution

Symmetry is used to advantage in modelling the
bundle in ASSERT, and rofl and subchannel numbers are
given in Figure 12. The axial layout included
end-plates and spacer planes. The first task is to
check that flow distribution is calculated adequa-
tely. Unfortunately, there are no detailed experi-
mental data which can be i>sed directly to check
distribution. The overall pressure drop is one
criterion which can be used, and equally important,
the overall pressure profile can be used to check
single and two-phase pressure drop calculations and
the onset of local boiling.

Pressure Profile Predictions

A typical comparison of ASSERT and measured
pressure profiles is given for a typical case in
Figure 13; the pressure drop profile is in good
agreement with the experimental measurements. The
point of change in slope of the pressure drop pro-
file from a linear to non-linear relationship with
axial position, indicates axial location of the
onset of significant void in the bundle.

This additional validation of the ASSERT
results is Important, as the onset of void occurs
significantly upstream of the point at which bulk
boiling would be computed to commence on a cross
sectional average basis. in one-dimensional calcu-
lations this effect is usually accounted for by
incorporating a aubcooled boiling correlation, but
may, in Tact, be primarily due to the onset of
boiling in the hotter subchannels. The fact that

ASSERT predicts the apparent location of this point
suggests that calculation of flow distribution
within the subchannels is adequate.

Figure 13 also shows predictions of bundle
average void and the void in subchannels 1 and 10.
Ffgure 12 shows tnat tnese are equivalent subchan-
nels at the bottom and top of the bundle respecti-
vely. The void in the upper channel is predicted to
be significantly higher in all cases. Comparisons
with the experimental voids are not possible as void
was not measured.

Rod Temperature Predictions

A further means of Checking the calculation of
flow distribution is to calculate rod temperatures
In ASSERT. This has been done for several represen-
tative experiments. The fuel model in ASSERT does
not address electrical heaters, so the surface
temperature of a rod section was calculated from the
predicted fluid conditions, in the subchannel facing
the appropriate thermocouple using boiling heat
transfer correlations.

Comparisons between rn<i t.tfwperatures computed
t>y ASSERT ant} the thermocouple measurements are
given for two representative situations in Figure
14. The onset of nucleate boiling is shown clearly
by the change in slope of the temperature curve and
the predictions agree well with the experiment.
Furthermore, two interesting observations can be
made. For the subchannels inside the bundle it is
clear that bouyancy effects are significant, as the
upper subchannel of any geometrically similar pair
reaches incipient boiling ahead of the lower one, as
shown in Figure 14. However, in the outer
subchannels this bouyancy effect is overridden by
the stronger efreot of eccentricity. The lower
outer subchannels are smaller in size than the upper
onesj this makes the volumetric heat Input higher
and causes them to boil first. Further details are
given in [14].

3.3.2 Critical Heat Flux Predictions

Having established that ASSERT adequately
reproduces the measured Dressure and temperature
profiles, the next task is to compare CHF pre-
dictions.

Because of the non-uniform heat flux distri-
bution, CHF occurs upstream of the end of the
bundle, and not at the exit as in the case of uni-
form heat flux distribution. In this comparison,
the total power was increased until the code pre-
dicted CHF somewhere in the bundle. Since the
predicted location of CHF in the bundle 13 not
necessarily that observed in the experiment, the
heat flux is further Increased until the predicted
CHF location Is at the same axial position as that
observed in the experiment. The values of heat flux
which first give rise to a computed CHF in the
bundle will be referred to aa First CHF predictions.
Heat flux values which induce CHF at the same
locations as the experiments will be referred to as
Experimental CHF predictions.

The First CHF predictions using the Whalley
model in ASSERT are given in Figure 15 for 14
experimental cases chosen to cover the range of
variables. In assessing these comparisons it is
also Important to realize that the experimental data
is not absolute but has an associated RMS error.
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GRAVITY

Figure 12. Subchannel and Rod Numbering In
ASSERT for a 37 Rod Bundle
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:.n all cases, ASSERT predicts CHF to occur
first in the top rod, number 19, of the outer ring
in the bundle, subchannel 10. This was also
observed experimentally for low flow oases, while
for the rest of the cases, CHF occurs In the top
rod, number 17, in the second ring. In all cases,
ASSERT predicts CHF will occur in this second
subchannel ring (subchannels 12 & 13) with a slight
increase in power. As discussed previously, these
computations represent a first application of ASSERT
to CHF prediction, and it Is clear that the
predictions are reasonable.

CONCLUSIONS

The first phase of the ASSERT advanced subchan-
nel code development has been completed, Il-
lustrating that the code is capable of computing
flow and phase distribution effects in horizontal
channels and fuel bundles. In the Ul experiment,
there were no direct measurements of flow distri-
bution, so indirect indications of distribution were
used for comparison. The code was able to match
pressure profiles and rod temperatures quite clo-
sely. Finally, a first attempt at computing local
CHF was made, and the results were encouraging.
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ABSTRACT

A new approach to analyzing the degradation of
fuel cooling during severe accidents in CANDU
reactors Is presented. Thermal-hydraulic models
are developed that quantify the process of coolant
stratification and the depletion of liquid
inventory in fuel channels. These models are
particularly applicable to small loss of coolant
accidents accompanied by failure of emergency
coolant injection (LOCS/LOECI). ffeatup of the
fuel and pressure tubes under stratified
conditions in the fuel channels Is modelled and,
coupled with a simple, conservative fission
product release model, enables scoping assessments
of radioactivity release from the fuel to be
performed.

INTRODUCTION

Following a postulated loss of coolant accident
in a CANDU reactor, fuel cooling is assured by the
action of the emergency coolant Injection system
to refill the heat transport system, and by forced
circulation of the coolant fluid through the fuel
channels. If forced circulation is lost then fuel
cooling is provided either by natural circulation
thermosyphonlng or by Intermittent buoyancy
induced flow (iBrF). In the significantly more
Improbable event of a small loss of coolant
accident with loss of both emergency coolant
Injection and forced circulation, more severe fuel
cooling degradation will occur. Under these
conditions the most probable mode of short term
fuel cooling Is by venting superheated steam from
partially liquid-filled channels. Because the
coolant In the reactor headers will be at, or
close to saturation, steady steam venting from the
fuel channels will be established and sustained
for a period of tiae until the feeder connections
at the reactor headers are no longer exposed to
liquid. At this time the liquid remaining below
the headers will drain at a thermal-hydraulically
controlled rate into the channels where it will
boil and vent to a header. Finally, the liquid in
the channel alone will boll off and the channel
will become progressively more voided.

This paper presents thermal-hydraulic models
describing these channel steam venting processes
and a simple method for calculating the
temperatures of the fuel elements exposed to
steam. The release of fission products from
failed fuel elements Is estimated using a simple
and conservatively bounding time and temperature
dependent relationship.

DESCRIPTION OF THE ACCIDENT PROGRESSION

Following reactor shutdown, the heat transport
system pressure decreases rapidly to secondary
side pressure as a result of Che reduced coolant
inventory. At this time the emergency coolant
injection system Is normally initiated to refill
the heat transport system. With this system
assumed to be unavailable the depletion of coolant
inventory continues, resulting in increased
coolant void between the channel outlets and the
heat transport pump suction headers. The void at
the pump suction degrades the pump head and.
consequently, reduces the coolant flow In the heat
transport loops. This flow degradation, in turn,
leads to stratification of the coolant in the fuel
channels. Earlier flow stagnation can occur if
forced circulation is lost following the reactor
shutdown. Both of these modes of flow degradation
in the heat transport system can be addressed by
the models described in this paper.

Prior to the onset of coolant stratification
the liquid Inventory in the heat transport system
Is distributed primarily between the heat
transport pump discharges and the inlet ends of
the fuel channels. This distribution of liquid
coolant is a result of the preceding period of
non-degraded heat transport pump operation. The
pumps maintain the pressure In this section of
piping above the pressure in the sections that are
highly voided. Furthermore, the voided sections
contain the highest enthalpy coolant - which
ensures that liquid redistribution to the voided
regions will not occur.

Coolant stratification within the fuel channels
results In some fuel elements at the top of the
fuel bundles being exposed to convective steam
cooling. The remaining lower elements are
subjected to boiling liquid or two-phase coolant.
The steam produced in the channels will vent to
the reactor outlet header. This is the preferred
Initial venting direction and is established by
the heat transport system voiding and the forced
coolant circulation that exists during the period
of heat transport loop flow degradation. The
liquid density head that has been established
between the liquid-filled inlet feeders and steam
filled outlet feeders. In conjunction with any
residual head provided by the heat transport
pumps, acts to maintain the steam venting front the
outlet feeder. The high compressibility of the
voided sections of the heat transport system,
together with the steam generators acting as
efficient heat sinks for superheated steam, ensure
that there will be no significant pressure
feedback to modify this venting pattern.

If the liquid entering the channels were
sufficiently subcooled and were to enter at a
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relatively high mass flow rate, then the steam
generation rate In the fuel channels would
decrease with time due to a reduction in the
average liquid enthalpy in the channel. This
would lead to temporary liquid refilling of the
channel. In addition, as the steam generation
rate is reduced. Increased liquid counter-flow
down the venting feeder could cause a rapid
reduction of the density driving head. This
behaviour Is characteristic of the I8IF cooiing
mode [1]. However, for the accident scenario
considered here, any sustained IBIF response Is
unlikely. Firstly, the liquid coolant at the
inlet headers, feeders and end-fittings is not
significantly subcooled. If at all. Secondly, the
void in the reactor outlet headers is high and, as
a consequence, there is no liquid to counter-flow
down the outlet feeders and reduce the established
density driving head. Under these conditions a
stratified steady-steaming flow regime is
established in the fuel channels.

In this regime a balance is established between
the rate of steam generation in a channel due to
heat rejection to the liquid, and the rate of
steam venting from the channel which Is governed
by the hydraulic resistances to steaa flow In the
steam filled section of the channel, outlet
end-fitting and feedar.

Steady steaming continues as long as there is
liquid coolant above the feeder connections on the
Inlet header. Once the feeder connections are
exposed tho liquid in the supplying feeders cs.i no
longer be replenished. At this time a process of
feeder draining occurs. This is characterized by
a steadily decreasing density driving head as the
liquid level in the feeders decreases. This
decreasing head causes increasing stratification
in the fuel channels and a resultant Increase in
the number of elements subjected to steam
cooling. The rate of feeder draining is governed
by the rate of steam venting from the channel and
occurs, typically, over a period of a few minutes.

Finally, once the feeders are essentially
drained, the channels experience a period of
sustained liquid boil-off. In this period the
liquid remaining in the channels and end-fittings
continuously boils away and the extent of fuel
element over-heating progressively increases.
Depending upon system conditions, steam venting
may occur through one or both feeders during this
period.

The models describing these three distinct
phases of progressively degrading fuel cooling are
described below.

THERMAL-HYDRAULIC MODELLING

A description of the salient features,
assumptions and approximations employed In the
models for the steady steaming, feeder draining
and channel boil-off processes is presented in the
following sections.

Steady Steaming

Steady steaming is characterized by a
quasi-steady stratified coolant Clow regime in the

fuel channels. As shown In Figure 1. one feeder
and end-fitting are liquid filled while the other
feeder is voided with steam venting from the
channel. Within the channel a fraction, a . of
the volume is, on average, steam filled. The
remaining volume fraction, (1-a). is occupied
primarily by boiling liquid with some vapour
holdup in the liquid. The vapour generated In the
channel undergoes separation from the boiling
liquid pool, flows in the steam filled region of
the fuel channel to the end-fitting and vents out
the feeder to the header. The steam generation
rate, which is controlled by the volume occupied
by the liquid and the rate of heat rejection to
the boiling liquid. Is balanced by an equal mass
flow rate of liquid from the liquid filled
end-fitting and feeder. Similarly, the steam
venting rate balances the steam generation rate,
with the steam venting rate being governed by the
pressure differential between the channel inlet
and the outlet, and the hydraulic resistance to
steam flow in the channel, outlet end-fitting and
feeder.

FIGURE 1
Representation of Steim Venting in a Fuel Channel

The mass and energy balances for the liquid
phase in the channel yields the following
relationships for the liquid mass flow into the
channel, wj, and the steam mass flow rate
venting from the channel, Wy:

(1)

where a is the average steam fill fraction in the
channel: ¥ Is the fraction of channel power.
fich, relative to the liquid filled fraction (1-a)
delivered to the liquid region: hj, h} are
the saturated and inlet liquid enthalpies,
respectively; and hfg Is the latent heat of
vaporization.

A mechanical energy balance on the vapour phase
yields the hydraullcally limited steam flow rate
venting from the channel as:

(2)
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where A P

PSH- PVH

H

RcH. Rp

•py?

net pressure
between channel
outlet header

differential
Inlet and

PsHPvHgH<rVVF> «>
pressures In the supplying and
venting headers, respectively
channel elevation below the
headers
channel/end-fltting and feeder
hydraulic resistances.
(fL/D + K)/<2A2)
vapour density In the channel
and feeder, respectively.

Note that In the channel the area exposed to
steam flow Is given by A = a 2 Ach, where Ach Is
the cross-sectional flow area of the fuel
channel. The above equations are solved for the
average steam fill fraction, a . as a function of
the pressure differential, channel power, liquid
subcooling, and channel/end-fitting and feeder
hydraulic resistances. The heat rejected to the
steam is coupled into the solution by modifying
the steam properties due to superheating. This is
described later.

It must be reiterated that the conditions in
the channel correspond to pool boiling with good
vapour separation due to the low superficial steam
velocities at the interface surface between the
boiling liquid and the vapour. In addition, the
fuel bundle will act as an efficient vapour
separator. The vapour holdup in this boiling pool
is modelled uslug a Zubet-Flndlay type drift-flux
correlation [2,3].

Feeder Draining

The feeder draining process is modelled by
generalizing the preceding steady steaming model
to the transient case. The steam fill fraction
a<t) and vapour mass flow rate leaving the
channel Vyit) are governed by a set of equations
similar to (1) to (3), presented above. However,
t/iey vary with time primarily as a consequence of
the reducing density driving head component of
AP(t) as the supplying feeder liquid drains into
the channel. As before, liquid Inflow into the
channel occurs at a rate governed by steam
generation within the fuel channel. If the liquid
Inflow Increases above this value then there will
be an increasing level of liquid in the channel.
This, in turn, will result in a compensating
increase In steam generation which acts to restore
the hydraulic balance between density driving head
and the pressure drop losses due to steam flow.

The rate of mass depletion In the channel Is
governed by the difference between the liquid
inflow to the channel and the steam outflow, namely

dt

The liquid and steam mass flow rates are
related by the mechanical energy balance equation:

Where Rip = inlet feeder flow resistance;
Pi = liquid density and the other terms are as
defined previously. The change in mass of coolant
in the channel Is related to the steam fill
fraction by the mass and energy balances on one of
the two phases in the channel. The balance
equations for the liquid phase yield:

^ (6)is- Ml -fiiI
Mote that in the above equation the liquid mass

depletion rate in the channel Is governed by the
rate of steam generation. The above equations can
be solved as a function of time with the density
head component of A P adjusted as the column
height of liquid. H. decreases at a rate governed
by Wj. Each feeder has a specific dependence of
elevation above the channel as a function of
volume in the feeder; an example of which is shown
in Figure 2. The shape of this curve directly
reflects the geometrical arrangement of the feeder
piping.

A P (t) ••
(5)

Ptrcintigeof Tbt*( vofumt cv
PMdfr Diielfctd "Mo Chlnntl̂ V

FIGURE;
Relative Height of Water Column in Feeder

as a Puction of Relative Volume Displaced from Feeder

Horizontal piping runs are indicated by regions
of constant relative elevation over a range of
relative volume.

Toward the end of the feeder draining there is
little liquid in the feeder and most of the liquid
will reside in the end-fitting. There will then
be a period of end-fitting level boil-down during
which the level of liquid in the end-fitting will
adjust to the effective swelled level In the fuel
channel. During this period the steam fill
fraction will remain approximately constant and
the liquid inflow from the end-fitting will be
governed by the steam generation rate in the
channel.

Channel flolloff

The final period consists of the continuous
depletion of liquid in the channel and end-fitting
due to boil-off in the fuel channel. Vapour flow
rates In the channel and feeders are calculated
based upon 1) the pressure differential that may



18.20

exist between the two headers and 11) the rate of
vapour generation in the channel. Mote that both
the r-ue of vapour generation and the channel
hydraulic resistance are dependent upon the steam
fill fraction a . The solution scheme employed
directly determines whether a uni-dlrectional
steam flow Is maintained or whether steam venting
occurs through both fe»1ers. This enables the
model to directly solvt for vapour flows based
upon pressure differential between the headers.
The boil-off calculations thus involve solving for
the Increase In steam fill fraction as a function
of time and hence the resultant stean flow rates
through the channel.

TEMPERATURE CALCULATIONS

An integral part of the previous calculations
is predicting the temperature of the vapour, fuel
elements, pressure tube and calandrla tube in the
steam filled region of the channel. The
time-dependent energy balance is based on
considering a sector of the fuel channel
cross-section, as shown in Figure 3.

FIGURE 3
Outar Fuel Element and Sections of Pressure Tuba and

CaUndria Tub* for Heat Transfer Calculations

The time-dependent fuel, Tf. and pressure tub*.
Tp, temperatures are, in matrix form:

dT = CT + b
dt

O)

where T « vector of temperatures. T T « [Tf

C • matrix accounting for the heat
transfer between surfaces and the
thermal capacitance of the fuel and
pressure tube

b = vector of driving terms due to heat
generation in the fuel, vapour
temperature and moderator
temperature.

The above equations have been simplified by
utilizing the fact that the calandria tube
temperature does not vary significantly. Hence,
the dynamics of the calandria tube temperature can
be ignored and a quasi-steady heat balance between
pressure tube and calandria tube Is employed. The
terras appearing in the matrix C and vector b are
functions of fuel and pressure tube thermal
capacitance per unit length, convectlve and
radiative heat transfer coefficient, heat transfer
surface areas, heat generation rate in the fuel
elements and steam and calandria tube temperatures.

Equation (7) may be solved by employing the
matrix exponential function to yield the
analytical expression

T(t + t)=exp(C t). (Tn(tn)+A"
1b)-A"1b (8)

where T0(t0) is the temperature vector at time
to. Furthermore the matrix exponential may be
expressed as a function of the eigenvalues of
matrix C using a similarity transformation matrix.
P. i.e.

exp <Ct> - P A P"1 (9)

where A is a diagonal matrix containing terms
exp(Xjt) and \i is the ich eigenvalue of
matrix C. Since C is a 2x2 matrix the eigenvalues
are readily evaluated in closed form. Therefore
equation (8) can be analytically evaluated.
Similar sets of equations can be solved for the
heat transfer between inner elements and vapour
and the element-to-element radiation heat
transfer. Note that in the above equations the
vapour temperature is determined from the heat
balance between the fuel and pressure tube and the
vapour.

The solution scheme iteratlvely updates the
convectlve and radiative heat transfer
coefficients appearing in C and b and the
temperatures every time step. The energy transfer
rates are evaluated accounting for convectlve and
radiative heat transfer in the steam filled
regions. Convectlve cooling of fuel sheath and
pressure tube surfaces is evaluated using tube and
bundle-corrected heat transfer correlations for
superheated steam (4). A simple view factor model
is employed in evaluating the radiative heat
transfer between fuel elements. This model
employees area-adjusted sections of concentric
cylinders to represent the view factors between
fuel element rings in the vapour filled part of
the channel. Presently circumferential heat
transfer around the pressure tube wall is not
explicitly model but is accounted for within the
factor ¥ (see equation (1)) which determines the
fraction of heat transferred to the liquid phase
in the channel.

Oxidation kinetics of Zlrcaloy Is Included,
using the Urbanic-Hoidrlck model (5). Fuel bundle
and channel deformation Is presently modelled in a
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relatively simple manner based upon deformation
criteria employed in the CHAM code <0).

APPLICATION OF THE MODELS

The models have been applied to analysis of
small break LOCA/LOECI events for
Darlington MGS A. The purpose of this analysis is
to provide preliminary quantification of the
potential source term reduction due to the
application of more realistic models of fuel
cooling degradation. In order to provide this
quantification within a reasonable computing
effort the channels were grouped In terms of
channel powers and the fission product release was
estimated assuming all channels in a group were at
the maximum power of that group. In addition, for
conservatism the supplying feeder for a channel
power grouping was selected on the basis of the
inlet feeder with smallest "efflux time". Efflux
time is the time to empty an Initially
liquid-filled feeder when it drains under gravity
to atmosphere. As such, efflux time is a direct
measure of the effects of both feeder volume and
horizontal piping sections on the feeder draining
process. Selection of the smallest efflux tine
results In the shortest feeder draining period.

Fission product release from fuel elements is
modelled using temperature-dependent sheath
failure criteria for the elements in the various
fuel rings, coupled with a release rate model that
has been derived for light water reactors (7,8).
The mass release rate of a fission product nuclide
is described by the following rate equation

m = - A exp (BT) . M
dt

(10)

where H is the mass of the fission product
nuclide, A and B are rate coefficients for the
particular nuclide, and T is the average fuel
temperature. This particular release rate model
is a reasonable upper bound to the release rate
from CANDU fuel and, because of the simplicity of
the model. It is well suited for performing
comparative scoping calculations.

A larger small break in a reactor Inlet header
Is postulated. At approximately 100 seconds
following reactor shutdown the void in the
affected inlet header is sufficiently high to
uncover feeder connections. At this time feeder
draining is initiated. Prior to this time it Is
assumed that steady steaming in the channels is
Initiated at the tine of the reactor trip with
zero header-to-header differential pressure. This
conservatively results in a number of top fuel
elements being uncovered and experiencing some
heatup while being cooled by turbulent convectlve
heat transfer to steam. The results from the new
model are compared with a stylized calculation in
which adequate fuel cooling Is postulated to exist
up till 100 seconds, at which tine the channels
are then assumed to be totally voided and cooled
by very low steam mass flows of 10 g/s. The
relative reduction in cumulative releases of 1-131
up to one hour following the reactor shutdown for
the various channel power groupings is shown In
Table 1. The release reduction factors In this
table are defined as the ratio of the cumulative

releases estimated with the detailed degraded
cooling model to the releases estimated using the
Imposed .oolant starvation" assumptions - namely
steam only cooling with low steam flow rates.
Also shown in this table is the ratio of the
weighted sum of 1-131 releases from the affected
core pass, where each channel power grouping is
weighted by the number of channels and the initial
grain boundary and free inventory in the group.
The release estimates are reduced by a factor 0.56
by taking into account a more detailed progression
of fuel cooling degradation. Note that these are
conservative bounding estimates based solely upon
the maximum powered bundles in each channel.
Further reductions in release estimates will
result from a more detailed calculation for
Individual channels and from removing some of the
excessively conservative assumptions applied in
this analysis.

TABLE 1

Relative Reduction in Releases
Due to New Modelling

Channel
Power
THW]

4.6
5.7
6.2
5.7
6.2
6.7
6.7
7.5
4.6

Total Number
of Channels
in Group

44
58
82
56
84
46
48
18
J»4
480

Represent-
ative
Channel

A12
Ml
HI
01
01
06
012
012
Y12

Release
Reduction
Factor(*)

0.32
0.34
0.65
0.35
0.65
0.53
0.54
0.69
0.21

Weighted Sum Release Reduction Factor
for Affected Pass =0.56

(*) Reduction Factor -
Cumulative Release (new model)
Cumulative Release (stylized scenario)

The timing of fuel failures is contrasted in
Figure 4 for the highest powered bundle in the

' i*' m m m tm m m
!IM (sec)

FIGURE 4
Pradicttd FutI Elamtnt Failurts in tfit Maximum Powtrtd FutI Sundia
as a Function of Timt Following Rtactor Trip During a LOCA/LOECI
INtw Modil Compared With Impostd Low Sttam Flow Assumption!
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core. From this figure it can be seen that the
assumption of immediate onset of steady steaming
following the reactor trip and the imposition of a
zero header-to-header differential pressure
results is a few top outer elements falling
relatively early. In reality these elements would
remain well cooled over this initial period due to
the enhanced turbulent steam cooling that will
exist during the period of heat transport flow
rundown. As can be seen from this figure, the
coolant remaining in the system acts to
effectively delay additional fuel failures. In
addition the reduction in the cumulative 1-131
releases from the sane highest power bundle is
shown in Figure 5. As before, the impact of the
slower progression ..n degradation of fuel cooling
is apparent.

58

1 31
e

Sen Model
1*105(4 Loi
Situ Flow

m 15M 2MB
TIM (sec)

25M

headers in such events plays an important part in
delaying the degradation of fuel cooling, and
hence, the fission product releases.
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CONCLUSIONS

Thermal hydraulic models have been developed
for predicting the progression of fuel cooling
degradation during severe accident scenarios in
CANDU reactors. These models provide a capability
to evaluate the conditions In fuel channels when
coolant stratification occurs. In addition they
are applicable to the situation where continued
coolant inventory loss occurs, as in postulated
loss of coolant accidents with loss of emergency
coolant injection. These models, in conjunction
with a simple temperature-dependent fission
product release model, have been applied to a
postulated LOCA/LOECI event In Darlington NGS A.
Th« preliminary results of this analysis indicate
that, despite some major conservatisms
Incorporated in the analysis, there is a reduction
by at least 56 percent in the estimated cumulative
release of 1 3 1 I . The liquid remaining below the
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ABSTRACT

A new fuel bundle heat transfer code called
SMARTT (Simulation Method for Azlmuthal and Radial
Temperature Transients) Is described. Practical
applications of the code are presented, along with
a sample calculation which demonstrates the
capabilities of the code for use in accident
analysis of CANDU reactors. SMARTT Is shown to be
a useful tool for assessing pressure tuba
integrity under asymmetric coolant or geometric
conditions.

INTRODUCTION

A new fuel bundle heat transfer code called
SMARTT (Simulation Method for Azlmuthal and Radial
Temperature Transients) has been developed to
predict transient pressure tube circumferential
temperature distributions and transverse strain
under asymmetric coolant and geometric
conditions. Development of the code, which Is
based on the HOTSPOT heat transfer model (1),
Included adding a circunferentlally and radially
conducting pressure tube model, adding a full
360° fuel element model (HOTSPOT uses only
half-element models), setting up the half-bundle
geometry, implementing a radiation calculation for
the 186 Interacting surfaces, and adding a
non-uniform pressure tube strain calculation.

SHARTT was developed for use In the accident
analysis of CANDU reactors. In particular, the
code will be used to address the issue of pressure
tube integrity under conditions where a
circumferential temperature gradient can exist in
the pressure tube. If pressure tube temperatures
and the channel pressure are high enough for the
pressure tube to deform, then local straining at
the hottest spot on the pressure tube can
potentially cause rupture before the pressure tube
contacts the calandrla tube.

There are a number of conceivable accident
scenarios that could cause the pressure tube to
heat up locally. When coolant in the channel
stru.ifles, for example, fuel cooling In the
steam-filled portions of the channel Is reduced,
which can cause the fuel to heat up and radiate to
the pressure tube. A temperature gradient can
develop In the pressure tube, from the hottest
spot at the top, around to the liquid level at the
bottom.

There are three major parts in the assessment
of pressure tube Integrity prior to pressure
tube/calandrla tube contact In scenarios like that
described above. The first Is the prediction of
thermal-hydraulic conditions In the channel as a
result of <s system transient; the second is the
prediction of fuel element and pressure tube
temperatures given the thermal-hydraulic
conditions; and the third is the prediction of the
non-uniform pressure tube strain. It is the
second and third tasks that are the main subject
of this paper, viz, the development of a bundle
heat transfer code capable of predicting
circumferential temperature distributions and
strain in the pressure tube given the
thermal-hydraulic conditions.

Up to now there were no codes available which
could model the CANDU geometry and also account
for circumferential conduction in the pressure
tube around to the liquid. This paper describes
the SMARTT code and its development, and presents
a sample calculation of pressure tube temperatures
and strain for the case of a rapidly voiding
channel following a postulated large-break
loss-of-coolant accident (LOCA). Additional
applications of the code are discussed, along with
planned future developments.

DESCRIPTION OP THE COMPUTER CODE SMAfiTT

SMARTT models one half of the bundle
cross-section at one axial position in a fuel
channel. Symmetry is assumed across the vertical
plane. The model for a 37-element bundle Includes
a circumferential ly and radially conducting
pressure tub*. 16 full-fuel element models, and
five half-fuel element models. The azlmuthal
nodalization is shown In Figure 1. The bundle Is
oriented with a half-element at the top.
(Note: A 28-element bundle model for SMARTT is
also available.)

Each fuel element Is divided into six radial
nodes: four for the fuel, one for the gap, and
one for the sheath. The element nodallzatlon is
shown in Figure 2. The fuel nodes are chosen to
have equal area and, therefore, approximately
equal power production. The full-element models
in SMARTT are divided into eight equal azimuchal
nodes, the centre half-element has six and the
other half-elements have four. The pressure tube
is divided Into four radial nodes and 36
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circumferential nodes, each subtending an angle of
five degrees.

calandria tube
pressure tube

fuel element
channel

Figure 1: Bundle and Subchannel
Nodallzation

The code uses transient thermal-hydraulic
conditions, either predicted by another code or
calculated within. To simplify boundary
conditions, the flow area between the fuel
elements and pressure tube is divided into
30 subchannels (see Figure 1). The coolant
temperature is assumed uniform within each
subchannel.

The required transient boundary conditions
consist of: the coolant temperature for each
subchannel; the sheath-to-coolant and
coolant-to-pressure tube heat transfer coefficient
for each fuel and pressure tube surface; and the
fuel power transient.

Figure 2: Fuel Element Nodalization
Using 6 Radial Nodes

The modes of heat transfer accounted for are:

(a) radial and azlmuthal conduction within each
fuel element;

(b) convection from sheath-to-coolant and
coolant-to-pressure tube;

(c) radiation among fuel sheath surface nodes
and to each pressure tube node;

(d) radial and circumferential conduction
within the? pressure tube; and

(e) radiation and conduction across the gas gap
between the pressure tube and the calandria
tube.

The modes of heat production considered are:

(a) fission and decay power with bundle and
element flux depression;

(b) metal-water reaction on sheath outer
surfaces and the inner surface of the
pressure tube; and

(c) internal ganwa heating of the pressure cube
(usually small).

SMARTT employs a finite difference technique to
solve the heat conduction equations. The
equations for each fuel element are solved
Implicitly using a sparse matrix solver
(i.e.. within each element the coupled linear
equations are solved simultaneously for all nodal
temperatures at the new time). Allowance is mad*
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for temperature-dependent properties based on
current (up-to-date) temperatures through an
Iteration scheme. The ;>: essure tube model in
SMARTT uses the same solution method. The
solution technique is described in more detail in
Reference 2.

The fuel elements and pressure tube are coupled
explicitly through the radiation model. The
radiation calculation uses the method of Sparrow
and Cess (3) for "gray bodies", i.e., where:

enlssivity {wave length)
absorptivity
reflectivity

- constant
• enlssivity
» 1-emisslvity

The emlssivity is assumed constant with
temperature so the "G-matrix" (formed from the
view-factor matrix, see Reference 3) need only be
Inverted once. The inversion is done externally
and Input to SMARTT.

For the radiation calculation, there are
186 Interacting surfaces, excluding radiation to
the calandrla tube which is handled in a separate
calculation. The view factor matrix is,
therefore, 186 x 186 (= 34,596 elements) with
about 2.000 non-zero entries. The view factors
were calculated numerically, with an estimated
accuracy of about 0.1 percent.

Absorption of radiation by steam is neglected.
Absorption of radiation by liquid Is not accounted
for explicitly, although radiating surfaces above
the liquid level "see" a solid angle of cold
surfaces (fuei and pressure tube) below the water
level, which is the sane as that subtended by the
liquid. Thus, the temperature and view factors to
the liquid are properly taken Into account,
however, the emlssivity of the liquid is not
properly accounted for at present. A scheme Is
being Investigated where the enlsslvities of all
submerged surfaces are set to the enlssivlty of
water. The only drawback Is that a different
radiation matrix will be required for each liquid
level.

Due to the nodallzatlon of the channel flow
area into subchannels, only seven discrete levels
can conveniently be modelled, i.e., 0 percent.
8 percent. 24 percent, 42 percent. 58 percent,
74 percent and 100 percent. The percentages
Indicate the fraction of total channel flow area
covered by liquid. As an example, the 58 percent
level Is shown in Figure 3. Note that a fuel
sheath or pressure tube node In contact with
liquid Is represented by a high heat transfer
coefficient to a cold medium (liquid or two-phase
coolant at the saturation temperature), whereas a
fuel •..heath or pressure tube node in contact with
steam Is represented by a low heat transfer
coefficient to a high temperature medium (usually
superheated steam). A falling liquid level is
simulated by moving through the discrete levels,
switching Instantaneously froa one to the next.

The calculation of transverse pressure tube
strain is based on the method reported and
experimentally verified by Shewfelt and
Godln (4.5). In the calculation, the stress In
each circumferential pressure tube node Is given
by:

a= Pr/t

where a = transverse stress (HPa)
P = internal pressure (HPa)
r = pressure tube radius (m)
t = local wall thickness (m)

The nodal stresses and radially-averaged wall
temperatures are employed in the transverse creep
equations for Zr-2.5 wt% Nb (6) to calculate the
individual nodal strains accumulated In each time
step. From these, the Increases In nodal arc
length are obtained. The new arc lengths are
summed to obtain the new circumference of the
pressure tube, from which the new radius is
calculated. The average pressure tube strain
increment is then calculated, based on the ratio
of the new radius to the radius at the start of
the time step. The nodal arc lengths are reset at
the start of the next time step to correspond to
the angles which defined the original
circumferential nodallzation.

steam-filled
Subchannels

Two-phase
Coolant

Figure 3: liquid Level Nodalization
For 58% Liquid-Filled
Channel
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The above approach provides both the average
pressure tube strain as a function of time, and
the local strain (wall thinning) at each
circumferential node. Kith this information, it
is possible to determine whether or not the
pressure tube achieves sufficient average strain
to contact the calandrla tube (about 16 percent),
before local wall thinning at the hot region leads
to failure of the pressure tube.

The resulting code. Incorporating both the
thermal and mechanical solutions. Is relatively
Inexpensive. On the Ontario Hydro UNIVAC System,
using a 1 second time step for the thermal
calculations, and a strain-rate dependent tine
step for the mechanical calculations, the cost for
1,000 seconds of problem time is approximately
$200.

APPLICATIONS

There are a number of postulated accident
scenarios in which the fuel and pressure tube may
be exposed to asymmetric coolant or geometric
conditions. In many of these cases, pressure tube
integrity considerations require that the
temperature non-uniformities resulting from the
non-uniform boundary conditions be taken into
account. Several of these scenarios are described
below, in terms of the potential advantages
associated with use of the SMARTT code.

Large-Break LOCA - Early Heatup

Following a postulated large-break LOCA. some
fuel channels may experience early stagnation of
the coolant flow. This leads to rapid voiding of
the channel, followed by rapid fuel and pressure
tube heatup if a near zero pressure drop is
maintained across the channel (7).

It can be postulated that channel voiding under
such circumstances may not be complete, and that a
small quantity of two-phase coolant may remain at
the bottom of the channel. If this were the case,
the effect would be to maintain the portion of the
pressure tube In contact with the two-phase
coolant at or near the saturation temperature,
while the upper portion of the pressure tube
heated up. The result would be a large
top-to-bottOD temperature difference on the
pressure tube during the time over which the hot
portion of the pressure tube undergoes straining.

The SMARTT code can be used to assess fuel and
pressure tube heatup and pressure tube strain
under the conditions described above. The code
can account for all the phenomena which determine
the thermal and mechanical response of the
pressure tube given the thermal-hydraulic boundary
conditions. These phenomena are:

transition from full power to decay power
and the accompanying redistribution of fuel
stored heat;

radiation heat transfer among fuel sheaths
and the pressure tube, which becomes
important as the fuel sheaths heat up
rapidly from their low, pre-accident
temperaturesi

convection heat transfer to superheated
steam in the portion of the channel above
the two-phase level;

film boiling heat transfer to saturated
coolant in the region covered by two-phase
coolant;

metal-water reaction on fuel sheaths and
the pressure tube;

circumferential heat conduction from the
hot exposed portion of the pressure tube to
the cooler portion In contact with the
two-phase coolant.

The results of a sample calculation carried out
for a scenario like that described above are
presented In a subsequent section of this paper.

Swall-Break LOCfl/LOECI

Following a postulated small-break LOCA with
coincident loss of emergency coolant Injection
(LQECI), adequate fuel cooling Is maintained for a
considerable period of tine after reactor trip.
Eventually, the liquid level in the headers will
drop below the feeder supply connections,
resulting in fuel channels receiving single-phase
steam. At the same time, the flow in the channels
may also be stratified. As a result, fuel in the
portion of the channel exposed to steam may begin
to heat up, while the two-phase-coolant/steam
Interface level drops due to draining of the inlet
feeder and boll off in the channel. The pressure
tube can heat up in the area exposed to steam,
while the area in contact with two-phase coolant
remains cool.

SHARTT has been used to analyze pressure tube
integrity in scenarios like that described
above (2). The key feature differentiating
small-break LOCA/LOECI scenarios from large-break
LOCA scenarios is the slowly falling level of the
two-phase/steam Interface in the former
scenarios. SHARTT accounts for this by simulating
the time-dependent drop of the interface level in
discrete steps, as described in Reference 2. The
attendant heat transfer phenomena, particularly
circumferential conduction In the pressure tube,
are Inherently taken into account.

Fuel Element/Pressure Tube Contact

If the fuel heats up sufficiently rapidly
following a postulated large-break LOCA, the
potential exists for one or more fuel sheaths to
contact the pressure tube before It balloons Into
contact with the calandrla tube. The resulting
localized hot region on the pressure tube could
pose a threat to pressure tube integrity,
depending on the magnitude of the circumferential
temperature difference between the hot region and
the bulk of the tube.

With a few modifications, SMARTT is well suited
to be used in assessing the consequences of fuel
element/pressure tube contact. By employing a
graded nodalization scheme in the contact region,
and modifying the radiation heat transfer package,
the code can be adapted to account for the
asymmetric geometry. The important heat transfer
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mechanism of circumferential conduction In both
the sheath of the contacting element and the
pressure tube Is already accounted for In the
code. Work Is currently underway to assess the
consequences of fuel element/pressure tube contact.

SAMPLE CALCULATION

The scenario of an early heatup channel which
does not fully void following a postulated
large-break LOCA presents a potential threat to
pressure tube integrity, as described earlier in
this paper. A SHARTT simulation was carried out
for such a case, using thermal-hydraulic boundary
conditions derived with the SOPHT (8) and
CHAN-IKKod6) (9) cedes. The results presented
below illustrate some of the important features
and capabilities of SHARTT.

Figure 4: Liquid level Nodalization For
8% Liquid-Filled Channel in
Sample Calculation

The analysis was carried out for -i 1035 kW
bundle In a 7.5 MW channel which experiences early
flow stagnation following the break. rapid
voiding, and subsequent cooling by a low flow of
steam (100 g/s). Voiding was assumed to occur
such that by 3 seconds following the break, the
channel is 92 percent voided, and the remaining
coolant is stratified. From 3 seconds onward, the
bottom six fuel pins and the bottom 20 percent of
the pressure tube circumference are cooled by a
two-phase mixture at saturation temperature.
Superheated steam flows above the region affected
by two-phase coolant. Figure 4 depicts the
regions of superheated steam and two-phase coolant.

Channel voiding was simulated in SMARTT by
decreasing the two-phase level linearly In
discrete steps, from full at time zero to
8 percent full at 3 seconds. Above the interface.
the steam temperature and heat transfer
coefficients were obtained from SOPHT
(0 to 5 seconds) and CHAN-II(Mod6) (5 seconds
onward). Below the interface, film boiling heat
transfer was assumed to occur, as predicted by
SOPHT. between submerged fuel sheaths and coolant
at the saturation temperature.

Figure 5 shows the transient temperatures of
the outer surfaces of the top and bottom fuel
pins, and the adjacent pressure tube nodes. The
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Figure 5: Fuel and Pressure Tube Temperature
Transients
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fuel pin and pressure tube at the top of the
channel cross-section heat up rapidly due to the
degraded cooling, while the saturated coolant at
the bottom of the channel moderates temperatures
locally.

Figure 6 shows circumferential temperature
profiles In the pressure tube at various times
following the break. The saturated coolant has a
very localized effect on pressure tube
temperatures. The bulk of the circumference heats
up relatively uniformly, because the incident heat
flux is much greater than that which can be
conducted circunferentlally to the two-phase heat
sink at the bottom of the channel.

The transient average pressure tube strain, and
the local strain at the hot region are shown In
Figure 7. Because of the flatness of the
temperature profile, the maximum local strain
reaches only about 30 percent by the time the
average strain is sufficient for the pressure tube
to contact the calandrla tube. The Internal
pressure at the time of contact 5s about 4.5 HPa
in this example. Under these conditions, the
pressure tube will not fall prior to contacting
the caiandria tube (4).

Although the above results were generated for a
specific set of conditions, they provide useful
insight Into the phenomena which are dominant in
this type of scenario. The SHARTT results
indicate, for example, that the radiation heat
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Figure 6: Pressure Tube Circumferential
Temperature Profiles

flux to the pressure tube above the Interface
level is about a factor of four greater than that
due to convection, after about 8 seconds. Also,
the combined convective and radiative heat fluxes
to the exposed portion of the pressure tube are
more than a factor of 20 greater than the heat
flux conducted circumferentially to the "wo-phase
coolant. The dominance of radiation heat flux.
which is essentially uniform above the Interface
due to rapid sheath heatup resulting from
redistribution of fuel stored heat, explains the
relative flatness of the pressure tube temperature
profile.

Fro» the above discussion, it is evident that
initial bundle power. the effectiveness of
convective cooling, and the height of the
Interface level are the key parameters in
determining the pressure tube temperature
distribution and strain response. However, It has
been shown that top-to-bottom temperature
differences of more than 500°C can be tolerated
in early heatup scenarios, because the temperature
distribution on the hot portion of the pressure
tube tends to be flat. SMSfiTT not only provided
the quantitative results required to assess the
problem, but It also provided sufficient
information to obtain a good understanding of the
controlling parameters.
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Figure 7: Transient Average Pressure Tub^ Strain
and Maximum Local strain
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CONCLUDING REMARKS

The bundle heat transfer code. SMARTT, has been
described. Practical applications of the code
have been presented. along with a sample
calculation which demonstrates the capabilities of
the cod*, it has been shown that SMARTT is a
useful tool for assessing pressure tube integrity
under asymmetric coolant and geometric conditions.

Further development of SMARTT is currently
underway. Areas of development Include adaptation
of the code to model fuel element/pressure tube
contact, and self-generation of thermal-hydraulic
boundary conditions. A program of verification of
the code against experiments has also begun.
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ABSTRACT

During postulated loss-of-coolant accidents in
CANDU reactors with impaired emergency cooling,
the decay heat generated in the fuel is trans-
ferred first to the pressure tube, then to the
calandria tube and then to the surrounding modera-
tor. To predict fuel-bundle temperatures under
these conditions, the radial heat transfer through
the bundle oust be modelled accurately. This
paper presents heat-tratrafer models based on an
assumed characteristic fuel-element surface
temperature. They are easily implemented into the
CHAN II lunped heat-capacity code and take little
computation tine. The result* obtained with these
models are In good agreement with those obtained
with the detailed finite-difference cod* HOTSPOT.

INTRODUCTION

In a postulated loss-of-coolant accident (LOCA)
In a CANDU reactor, with coincident Impaired emer-
gency cooling, the convective transport of heat
from the fuel is reduced. This reduction in heat
removal Increases fuel-element temperatures. As
these temperatures rise, radiative heat transfer
Increases, thereby increasing the radial heat
transfer to the pressure tube and eventually to
the calandria tube and moderator. However,
because the radiative heat transfer between non-
adjacent rings of fuel elements Is largely
blocked, the thermal resistance to radiation
between the fuel elements, and conduction through
the elements, act like series resistances in the
bundle's radial heat transfer. With increasing
temperature, conduction through the fuel elements
becomes the dominant Impediment to the bundles'
radial heat transfer. Therefore, the accuracy of
the fuel-element conduction models becomes more
Important at the higher fuel temperatures.

Versions of the computer cod* CHAN II [1] are
used to predict the CANDU fuel-channel thermal
behavior, and the subsequent Zlrcaloy oxidation,
with its coincident release of heat and generation
of hydrogen, for these postulated accidents.
Glllasple ct al. [2] h*ve described the original
CHAN II conduction and radiation models. They are
based on a ring model, using solid fuel rings
whose pitch diameters arc the sane as those of the
actual rings of elements, but whose thicknesses
are determined by conserving the volume of fuel in
the rings of elements. The conduction model
naglccts any effect of the sheath. CHAN II uses
the lumped heat-capacity mtthod to model the fuel
and pressure tube. The fuel-conduction model
calculates the temperatures only at the Inside and
outtiide surfaces of the fuel rings. The inside

and outside temperatures of the rings are assumed
to represent the temperatures of the two sides of
the fuel elements (one side facing the bundle
center, the other facing the bundle periphery).
It is assumed that the thermal mass of the fuel
ring is split evenly and concentrated at the
surfaces of the rings. The fuel-ring thickness
determines the thermal resistance of the ring.

Hildebrandt et al. [3J described an extension
to the CHAN II radiation nedel (called the pin
radiation model) that accounts for the radiation
between non-adjacent surfaces, i.e., accounts for
the actual fuel-element geometry. This paper
describes an improvement to both the ring conduc-
tion model and the pin radiation model. These two
new models are based on the observation that the
fuel-element surface temperatures follow a
characteristic shape. Thus, the new conduction
model is based on the geometry of cylindrical fuel
elements Instead of that of rings of fuel. The
conduction model relates the heat transferred
across the fuel element to the difference between
the average temperatures on each side of the fuel
element. The radiation model uses the average
temperatures on each side of the fuel elements to
calculate the surface temperature distribution
required for the detailed radiation calculations.
This radiation model permits CHAN II to use a
surface discretization that is much more detailed
than apparently possible with the previous models
£1,2].

The results of CHAN II are compared with those
of HOTSFOT [4], to show the accuracy of the new
models. Their performance for various bundle
conditions (e.g., unoxldized and oxidized sheaths,
with and without radiation between non-adjacent
surfaces) is also investigated. The results of
the HOTSPOT code are used as a reference through-
out the paper because HOTSPOT has a detailed
finite-difference scheme for conduction in the
fuel elements and a relatively fine surface
nodalization for the radiation calculations.
Therefore, HOTSPOT is assumed to be quite
accurate. Like CHAN II, HOTSPOT uses only one
representative element per fuel ring and thus
assumes azimuthal symmetry in the fuel bundle.

THEORY

Conduction Model. In examining the results of
HOTSPOT, it was observed that the surface tempera-
ture distribution of the fuel elements had a
sinusoidal shape, i.e., the surface temperature
(T ) is described by
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T - (T, + T, )/2 + (T - T, ) sin(|3)/2, (1)
s a X. n i

where 3 Is Che angle between a radius of the fuel
element and a line perpendicular to the line
passing through the bundle center and the center
of the fuel element

and T, are the highest and lowest
temperatures on the surface,
occurring at p * TI/2 and
0 » -it/2, respectively.

Figure 1 shows the local coordinate system used
for the conduction model and che geometry and
surface nodalizatlon used in the HOTSPOT reference
calculations•

FIGURE 1: SURFACE NODALIZATION FOR STANDARD
HOTSPOT CALCULATIONS. COORDINATE
SYSTEM FOR FUEL CONDUCTION MODEL.

It is also assumed that thermal conductivity
vithin each fuel element, at any time, can be
approximated by the conductivity evaluated at the
fuel element's average temperature. For a
homogeneous material, the following equation for
the internal temperature distribution satisfies
the conduction equation (i.e., the Laplace
equation) and gives the surface boundary condition
represented by equation (1):

y/(2R), (2)

where R is the radius of the fuel element, and y
lies along 3 " v/Z.

The fuel element consists of UO2 and Zircaloy
(and possibly ZrO^) In discrete layers. For
cylinders consisting of discrete layers, the
solution to the conduction equation is complex
because at each interface a new boundary condition
Is introduced. However, because the sheath thick-
ness is much smaller than the fuel radius, the
temperature of the UOj surface is approximately
equal to the sheath surface temperature. There-
fore, the temperature distribution In both the
sheath and the fuel may be approximated by
equation (2).

The heat transferred across an element, Q, can
be calculated by integrating the product of the
thermal conductivity and the temperature gradient
in the y direction, at y • 0, i.e.,

R
Q » L j k(x) (dT/dy)| dx.

-R y-0
(3)

This can be broken up into components that account
for the different materials. The heat-transfer
rate across the fuel element then depends on the
conductivity of the various materials, and the
thickness of each material at the diameter of the
element (y • 0), i.e.,

(L/D) t (*)

where L Is the length of the fuel element, D is
the outside diameter of the fuel element, N is the
number of materials to be considered, t̂  Is the
thickness of each material.

For the fuel, Is the diameter of the UO2
pellet; for the sheath materials,
thickness of the sheath.

2
is twice the

One last step oust be taken to implement this
model into CHAN II. Equation (4) uses the ex-
tremes of the surface temperatures, but other
calculations in CHAN II use the average surface
temperature of each half of the fuel element. The
average temperature of one side of the fuel
element is given by

p-w
1/* / T dp.

(5-0 s

This gives

fh - (rh

(5)

(6)

Similarly, the average temperature of the other
side of the fuel element becomes

Using equations (6) and (7), the relationship
between the mean and peak temperature differences
Is

Th"Tl (8)

Substituting equation (8) into equation (4) gives
the final conduction equation for CHAN II:

Q - (9)

This equation can also account for the change In
heat transfer across the element as the sheath
conductivity changes due to oxidation, if one
Includes the sheath oxide thickness and conduc-
tivity, and decreases the Zircaloy thickness
accordingly.

The thermal properties, and their variation
with temperature, for Zircaloy, uranium dioxide
and zirconium dioxide are quite different from
each other. Calculations were made to examine the
effect of the temperature at which the thermal
conductivities are evaluated and the effect of the
type of aasuned sheath material. The fuel-element
dimensions for the 37-element CANDU fuel bundle
were used, and it was assumed that the peak-to-
peak temperature difference across the fuel ele-
ment was 1"C. The results are shown in Figure 2.
The top curve shows the result of assuming that
the sheath Is made of Zircaloy, and the bottom
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curve shows Che result of assuming a zirconium
dioxide sheath. The two curves show that the
heat-transfer rate changes significantly with
temperature and that the degree of oxidation of
the sheath is Important. For example, at 2400°C a
fuel element with the sheath still composed of
Zlrcaloy can transfer heat up to 2.5 times faster
than one whose sheath has completely oxidized.

5 60
at

Fuel eiewnt with Zlrcaloy sheath

Fuel eleaent with zirconlua dioxide sheath

600 900 1000 1200 1400 IWO 1800 2000 2200 2400

Teaperature CO

FIGURE 2: HEAT TRANSFER RATE WITH A 1°C
TEMPERATURE DItOF ACROSS A FUEL ELEMENT,
WITH TWO SHEAIH MATERIALS.

Hotel Trie previous
models assumed that the two sides of each fuel
element were Isothermal. However, the finer the
surface discretization for radiation heat trans-
fer, the more accurate the results are. Also, as
will be shown in the Results section, the finer
the surface discretization, the higher the re-
sulting temperatures are. The sinusoidal surface
temperature distribution allows one to use a fine
surface discretization, even though CHAN II only
calculates average temperatures for each half of
the elements.

Using equations (6), (7) and (8) In equa-
tion (1) gives the relationship between the
average temperatures and the surface temperature
distribution as

- \) sin(S)A. (10)

II c«i «&lcula.t« the ttmpttatutt* asyjt\«t on
the surface using equation (10), and can use any
view factor matrix used by HOTSPOT. If HOTSPOT
predicts sinusoidal surface temperature distribu-
tions, then CHAN II can predict the same surface
heat fluxes aa HOTSPOT (given the same average
surface temperatures).

RESULTS

The improved heat—transfer models described
above were compared with the HOTSPOT code. In
making this comparison the following assumptions
were made:

1. The fuel elements and sheathing have the
37-element: CANDU fuel-bundle dimen-
sions.

2. The heat transfer to the channel coolant
is negligible.

3. The surface emissivities are equal to
0.7.

4. The 0,5-m long fuel bundle is generating
22.2 kW.

5. The fuel-bundle power is distributed
equally among all of the elements.

In all of the HOTSPOT calculations, 10 radial
nodes were used in the fuel- conduction model. In
addition, the predictions were run until steady-
state conditions were achieved.

The results depend on Che assumed geometry of
the bundle. To study the effect of geometry, two
configurations were chosen that represent, in some
way, the extreme cases. the first configuration
is that of the as-designed bundle, an arc of which
is shown in Figure 1. This is referred to as the
open-bundle geometry. The second configuration is
that of a compressed bundle (in which the fuel
elements are closer to the center of the bundle
and the gaps within the rings of elements are
closed), shown in Figure 3. This is referred to

ssure tube

FIGURE 3: ASSUMED CONFIGURATION TO MODEL CLOSED
BUNDLE GEOMETRY (i.e. DECREASED GAPS IN
RINGS OF ELEMENTS).

a* Uue clated-hundXe, geoneccy* This configuration
is used to illustrate what would happen after a
bundle deforms, and the gaps between the fuel
elements decrease, due to high temperatures.
Although the elements touch each other in the
closed geometry, no contact conduction was
assumed.
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Comparisons of the models were also made using
sheath conductivities of Zircaloy or zirconium
dioxide, and the fine radiation nodalization of
Figure 1 (with 21 surface nodes in the bundle), or
the crude nodalization of Figure 4 (8 surface
nodes).

Finally, to compare the new conduction and
radiation heat-transfer models to those currently
used in CHAN II, results obtained using the
original CHAN II ring model are also presented.

l

FIGURE 4: SURFACE NODALIZATION FOR CHAN II AND
HOTSPOT CALCULATIONS WITH 8 RADIATION
NODES IN BUNDLE.

Evaluation of the Conduction Model. Figure 5
shows the CHAN II and HOTSPOT results for the
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FIGURE 5: HOTSPOT AND CHAN II SURFACE TEMPERA-
TURES FOR OPEN BUNDLE CONFIGURATION
WITH TWO DIFFERENT SHEATH CONDUCTIVI-
TIES.

open-bundle geometry, using the fine surface
nodalization of Figure 1. Along the abscissa is
the labelling system used in the original CHAN II
models, as shown in Figure 4. Cylinders are drawn
on the figure to aid visualization of the results.
The CHAN II results shown are not the average
sheath temperatures, but rattier those used in the
radiation model, which are calculated from the
average surface temperatures, using equation (10).
The top two curves show the results of assuming
that the fuel sheaths are completely oxidized.
The bottom two curves show the results of assuming
that the sheaths are not significantly oxidized.
The CHAN II results agree well with those of
HOTSPOT.

Figure 6 shows the normalized HOTSPOT predic-
tions of the surface temperatures of the fuel
elements in the outer two rings of elements. Also
shown is the curve of sin(u/2-g). These results
show that the assumption of a sinusoidal surface
temperature distribution is a good one.

FIGURE 6: HOTSPOT STEADY-STATE SURFACE TEMPERA-
TURES OF OUTER TWO RINGS OF ELEMENTS IN
37-ELEMENT BUNDLE, AND THE SINUSOIDAL
FUNCTION.

Figure 7 shows the CHAN II and HOTSPOT results
for the closed-bundle geometry, using the surface
aodallzation of Figure 1, with a alight modifica-
tion. The nodalization used 6 isothermal surfaces
on the Innermost ring Instead of the 3 shown in
Figure 1 (for a total of 24 surface nodes).
Again, the top two curves show the effect of
assuming that the fuel sheaths are completely
oxidized. The bottom two curves show the effect
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of assuming that the sheaths are not significantly
oxidized. The CHAN IX results agree well with
those of HOTSPOT.

These results show that the largest radial
temperature differences exist within the fuel
elements, not between them. In all cases, the
temperature difference between adjacent fuel
elements is negligible, even chough no contact
conduction was assumed. This means that the
thermal resistance of the elements is the major
resistance to radial heat flow. Comparing
Figures 5 and 7 shows that the outermost tempera-
tures are relatively unaffected by the bundle
configuration, but that the temperatures are
increasingly affected by this towards the bundle
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FIGURE 7: HOTSPOT AND CHAN II SURFACE TEMPERA-
TURES FOR CLOSED BUNDLE CONFIGURATION
WITH TWO DIFFERENT SHEATH CONDUCTIVI-
TIES.

center. The degree of sheath oxidation has a
significant effect on the heat transfer, and has
the greatest effect in the doscd-bunctle geometry.
This is because, in the open- bundle geometry,
some heat can bypass the elements through the gaps
in the rings of elements. Again, the difference
increases towards the bundle center.

The moat significant (though still small)
deviations between the CHAN II and HOTSPOT results
occur in the cases with the oxidized sheaths. The
two codes predict different surface tenperature
distribution* for the outermost rings. This means
that the HOTSPOT results are deviating from the
sinusoidal shape. Figure S shows the predicted
surface temperatures for the closed-bundle geo-
metry with oxidized sheaths. In this case, there
is a greater deviation from the sinusoidal shape
than is tvident in Figure C.

Figure 9 shows the predicted surface tempera-
tures normalized results for the innermost fuel
ring for the same case (closed-bundle geometry,
oxidized sheaths). These results differ even more
from the sinusoidal shape. The effect of this
deviation can be seen in Figure 7, i.e., the
difference in the center-element temperatures for
the top two curves. Even with these deviations
from sinusoidal shape, the results of the two
codes agree quite well.

Effect of Surface Nodalizatlon. It Is advanta-
geous to minimize the number of surface nodes in
the radiation calculation, to minimize computation
time. However, reducing the number of nodes
generally lowers the temperatures of the inner
regions of the bundle. (The outer regions are not
significantly affected by such changes). In
effect, reducing the number of surface nodes

I.

0.S

0.0

-0.5

-I.0

FIGURE 3: NORMALIZED HOTSPOT STEADY-STATE SURFACE
TEMPERATURES OF OUTER TWO RINGS OF
ELEMENTS FOR CLOSED BUNDLE GEOMETRY
WITH OXIDIZED SHEATHS, AND THE
SINUSOIDAL FUNCTION

reduces the apparent radial thermal resistance of
the bundle,

Table 1 shows the results of the calculations
discussed above, as well as those of HOTSPOT and
CHAN II using only eight surface nodes. For the
first CHAN 71 case, the average surface tempera-
ture was used in the radiation model. Part 2 of
Table I shows the deviation of the results from
the reference case (i.e., HOTSPOT with a fine
surface nodalizatlon). These results show a
significant drop in the center-element tenperature
when a crude surface nodalizatlon is used. They
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FIGURE 9: NORMALIZED HOTSPOT STEADY-STATE SURFACE
TEMPERATURES OF INNER FUEL RIHG FOR
CLOSED BUNDLE GEOMETRY WITH OXIDIZED
SHEATH, AND THE SINUSOIDAL FUNCTION.

This did not lead to any change In the results,
because it did not account for the variation of
the view factors over the surface (which vould be
a major improvement).

The last line in Table 1 shows results for the
case of using CHAN II with crude nodalization, but
where it was assumed, for the radiation model,
that the relevant temperatures were those of the
extremes on the surface (i.e., taking the average
temperatures of CHAN II and using equation (10) to
calculate the tenperatures at 3 • ft/2 and - T T / 2 ) .
This assumption i'lprovea the results of the crude
nodalization, because the temperatures of the
extremes on the surfaces are the temperatures that
are nest "seen" by the adjacent fuel elements (the
rest of the surface is partly hidden by the fuel
elements in the same ring). If a crude surface
nodalization is to be used, it is recommended that
some aethod be found to compensate for the
apparent reduced radial thermal resistance.

Figure 10 shows the results of using CHAN II
with the original ring radiation and conduction
nodels, for the two configurations studied. The
original CHAN II model does not account for sheath
heat transfer in the conduction model, so no dis-
tinction occurs for the degree of oxidation. The
bottom curve is the result of assuming the fuel-
element spacing of the open bundle. The top curve
is the result of assuming the spacing of the
closed bundle. The major factor that causes the
results to differ for these two geometries is the

also show that, when both codes use eight surface
nodes, the CHAN II results have greater errors
than those of HOTSPOT.
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Calculations were also made to test methods
uied to compensate for the effects of using the
crude nodalization. On* method replaces the func-
tion of the fourth power of the average tempera-
ture with the Integral of the fourth power of the
surface temperature, Integrated over each half of
the surface, i.e.,
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FIGURE 10: CHAN II RESULTS FOR TWO CONFIGURATIONS
USING ORIGINAL RING RADIATION AND RING
CONDUCTION MODELS.
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thickness of the fuel rings. The thickness con-
trols the thermal resistance in the conduction
model. The pitch diameters in the closed bundle
are smaller than in Che open bundle. Therefore,
to conserve the volume of fuel, CHAN II Increases
the ring thickness, which thus Increases the
resistance to conduction. The reason for this
change is not related to the physics of the situa-
tion. Physically, the reason for the higher
temperatures in the closed bundle ia that less
heat can be transferred by radiation through the
gaps in the rings of elemencs to the pressure
tube. Neither of the calculations accounts for
this.

From Figures 5, 7 and 10 it is clear that the
new models give different predicted temperatures
than the original CHAN II code. For the same
configurations, CHAN II (original) overpredicta
the center-pin temperature by 185°C for the closed
bundle and by 447 °c for the open bundle compared
to the HOTSPOT results that assumed 100Z oxidized
sheaths.

CONCLUSIONS

The results of the detailed modelling by
HOTSPOT reveal some important characteristics:

1. The temperature difference between
adjacent rings of fuel elements is
snail.

2. The temperature difference across the
rings is large.

3. The surface temperature distribution of
the fuel elements closely resenbles a
sinusoidal function.

These characteristics mean that it is important
in the radiation calculations to accurately ac-
count for the conduction across the fuel elements
and for the surface temperature distribution.
They also indicate that the conduction that may
occur beeveea elements la adjacent rings that nay
touch will have a relatively minor effect on the
bundle heat transfer. Finally, the characteris-
tic, sinusoidal, surface temperature distribution
can be used to derive a fuel-conduction model for
steady-state conditions that is very easily
evaluated.

CHAN II has been modified to use a aore reason-
able, and more inclusive, conduction model. The
new model Is based on the actual geometry of the
fuel elements and the effects of changes due to
sheath oxidation and temperature are taken into
account. This is a a»Jor Improvement over the
original conduction model, which assumed a
geometry consisting of rings made of fuel only.

Despite the simplifying assumptions made In
deriving the CHAN II conduction model, it gives
results very close to those of HOTSPOT under simi-
lar bundle conditions and using the radiation
model with fine nodallzation. Also, the CHAN II
radiation model has been modified to take advan-
tage of the sinusoidal surface temperature distri-
bution. Therefore, even though the CHAN II model
uses a relatively crude nodalizatlon in the
conduction model, the radiation model can incor-
porate the properties found in more sophisticated
models (like HOTSPOT).

Reducing the number of radiation nodes
reduces the apparent thermal resistance of the
bundle. Using the extreme surface temperatures in
the radiation trodel compensates for this.
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EFFECT OF AXIALLY NON-UNIFORM PRESSURE TUBE DIAMETRAL
CREEP ON MASS AND ENTHALPY IMBALANCE FOR

A 37-ELEMENT BUNDLE

A.M.M. Aly, Q.S. Truong and T. Malaty*
Atomic Energy Control Board

Ottawa, Ontario, Canada

ABSTRACT

The subchannel analysis code COBRA-IV has been
used to predict the thermohydraulic parameters in
an axially non-uniform, radially uniform, crept
pressure tube, containing 37-element fuel bundles.
The axial creep profile was assumed to be similar
to the axial flux distribution. Geometrical
variations with diametral creep were evaluated with
the code GEODATA at all axial nodes. Variations of
subchannel loss factors at spacer planes and end
plates with creep were also modelled. A conserva-
tive prediction of the reduction in pressure drop
with creep was obtained using the FIREBIRD-III
code. Finally, a map was developed for the expected
reduction in critical channel power with creep.

INTRODUCTION

Prolonged irradiation of pressure tubes (in
pressure tube reactors) results in both axial and
diametral creep. Axial creep effects can be
corrected by design allowances and have no implica-
tion on the thermohydraulic behaviour within the
channel. On the other hand, diametral creep, in
the long term, may affect the flow and enthalpy
imbalance within the fuel, and hence should be
evaluated. Current estimates of lifetime maximum
diametral creep vary from 2 to UZ depending on the
reactor type. This is particularly important for
horizontal pressure tube reactors due to the
expected increase in fuel eccentricity in the
channels. As the pressure tube diameter increases,
all outer subchannels of a bundle experience an
increase in the cross-sectional area and wetted
perimeter. For a given pressure drop across the
reactor core, the reduction in hydraulic resistance
of these outer subchannels results in flow diversion
from the bundle interior to the outside, preferen-
tially at the top, due to eccentricity. The
reduction in flow and increase in quality for the
interior/bottom subchannels (most susceptible to
dryout) is translated into a reduction in critical
channel power (CCP). This effect i3 further
influenced by the accompanying change in pressure
drop across the reactor core due to the reduction
of system resistance.

Kobori et al (1) conducted a series of tests on
the effect of eccentricity on critical h«at flux
(CHF) for an electrically heated, 28-element bundle
in a vertical pressure tube. This work was per-
formed in support of the 'FUGEN' reactor fuel
assembly development. The experimental results
showed that CHF depends strongly on the eccentri-
city; only 0.6 mm of eccentric fuelling resulted in
a 20Z reduction of CHF at constant flow rate,
pressure and steam quality. A COBRA-II subchannel
analysis for the same geometry showed that th«
semi-theoretical CHF obtained from COBRA-II was
highur than the experimental data (1). The same

•Ottawa University Student

version of COBRA was also used Uy Hasinoff and
Pauls (2) to predict the reduction in CCP for a
typical CANDU reactor channel. The study showed
that a 57. maximum diametral creep (at peak flux
locations) that decreases to 0Z at the channel
ends would result in about 17. reduction in CCP.
This study utilized the state-of-the-art knowledge
at the time. It should be noted that COBRA-II had
several limitations that were significantly
improved later in the COBRA-IV version (3) used in
the current analysis. The work reported in (2)
was also limited to one creep value and does not
provide the asymptotic trends. A physically sound
subchannel analysis code for horizontal channels
has been developed recently (4); however, this
code has not been released yet for general use.

The present analysis is United to normal
operating conditions at high flow rates, where
gravity separation effects are negligible, and for
which COBRA-IV is believed to be adequate for
parametric studies (5). The main objective of the
investigation is to produce a map for the expected
reduction in CCP with pressure tube diametral
creep for a typical CANDU 37-element fuel channel,
given the header-to-header pressure drop. In
other words, a parametric study is conducted
instead of performing a core-wide flow distribution
analysis. In addition, the network code FIREBIRD-
III is used, in a conservative manner, to predict
the reduction in header-to-header pressure drop
with pressure tube diametral creep. A bounding
envelope of the penalty in CCP Is then evaluated
at three different maximum creep values (2, 4 and
6Z).

COBRA-IV CHANNEL MODELLING

The COBRA-IV subchannel analysis code (3) has
been modified by AECL to operate in the header-to-
header boundary condition mode, and Improved by
including packages of correlations (5). This
version of the code (COBRA-IV-EC) was further
updated to allow input of variable heated and
wetted perimeters for outer subchannels as recom-
mended by Kitely et al (6). Typical feeder
geometry and loss factors for a CANDU 37-element
high power channel were used. The following
indicates the different modelling aspects of the
analysis.

1. Axial Distribution of Diametral Creep

At any specific axial location, a uniform
diametral creep was assumed. On the other hand, a
non-uniform axial distribution of diametral creep
was Imposed. This was assumed to be proportional
to the channel axial neutron flux shape, with the
maximum creep location coinciding with the peak
flux location. At both ends of the channel, a
zero diametral creep was assumed. The distribution
used and the axial heat flux profile simulated in
COBRA are shown in Figure 1.
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area variation with diametral pressure tube creep
is shown in Table 1 for the case of 67, maximum
creep. It is evident that the top subchannel (34)

AREA VARIATION FACTORS FOR

OUTER SUBCHANNELS, 6 7.

MAXIMUM CREEP

FIGURE 1: AXIAL DISTRIBUTION OF HEAT
FLUX AND DIAMETRAL CREEP

Exact axial geometrical variations with diametral
creep for all outer subchannels were evaluated
using the code GEODATA (7). Figure 2 shows a
cross-section of the half-bundle simulated with the
element and subchannel numbering system used. A
typical GEODATA calculation of outer subchannel
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maximum area variation is almost a factor of 2.5.
Maximum gap variation factor of 3.5 is also shown
in Table 2.

FIGURE 2: SUBCHANNEL AND ELEMENT LAYOUT
FOR ^ OF A 37-ELEMENT BUNDLE
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TABLE 2: CAP VARIATION FACTORS FOR OUTER

SUBCHANNELS, i; MAXIMUM CREEP

X/L
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SUBCHANNELS

(1,5)

1.000

1.000

1.020

1.020

1.020

1.020

1.020

1.020

1.020

1.000
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1.000
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The analysis was conducted parametrically by
scanning a range of maximum pressure tube diametral
creep (MPTDC) of up to 6%.

2. Modelling of Channel I.oss Factors

Channel form loss factors were imposed at spacer
planes and end plate locations. It is known that
every subchannel in a bundle cross-section has a
different spacer loss factor due to different
geomerries and obstruction areas. The importance
of accurate modelling of these losses increases as
the pressure tube creeps diametrally, since the
reduccion in outer subchannel loss factors would
enhance the flow imbalance.

Rehme's ertoerimental! >-based technique (8) was
used to calculate form losses for all subchannels
in an eccentric bundle. Sehoe conducted a series
of pressure drop measurements for a wide range of
spacer shapes. He then correlated the drag coef-
ficient to Reynolds number and the relative
obstruction for both triangular and square arrays.
For the Reynolds number (Re) range of interest to
CANDl'-type reactors, a modified Rehme's drag
coefficient (C ) of 7 is considered an adequate

upper bound (8). Subchannel loss factors were then
calculated as follows:

a) the relacive obstruction £ for each
subchannel was determined, using the frontal
projected area,

b) the individual subchannel loss factor was Chen
calculated from

K - C e.2s vj.

To verify this procedure, a weighted bundle
average loss factor was calculated and compared to
an experimentally measured one. The difference was
determined to be less than 5Z. Table 3 gives the
calculated drag coefficient for all subchannels in
a nominal pressure tube.

TABLE 3: CALCULATED SUBCHANNEL SPACER DRAG

COEFFICIENT FOR A NOMINAL PRESSURE

TUBE

SUBCHANNEL
NUMBER

1

2

3

4

5

6

7

8

9

10

11

12

13

14

!5

16

17

DRAG
COEFFICIENT

0.062

O.Of.l

0.100

0.460

0.061

0.340

0.370

0.340

0.056

0.560

0.460

0.100

0.100

0.050

0.043

0.340

0.370

SUBCHANNEL
NUMBER

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

DRAG
COEFFICIENT

0.560

0.460

0.100

0.340

0.037

0.033

0.100

0.030

0.340

0.370

0.560

0.100

0.460

0.100

0.340

0.029

0.028

Concerning end plate losses at bundle
junctions, the traditional method of imposing a
bundle average value for all subchannels was used
only at the channel ends. This approach was
adopted since all bundles are randomly misaligned
in the channel and it would be unrealistic to
calculate specific losses based on arbitrary
misalignment angles. However, as the pressure
tube diameter increased axialiy, outer subchannel
loss factors were allowed to decrease with the
inverse square of the cross-Sectional area. This
is expressed as:

K Ji " KJi

where i denotes an outer subchannel number, J
denotes a junction and the dash c'n.utes a new
value. The sensitivity of the bundle enthalpy
imbalance to the spacer and junction models is
evident from Figure 3.
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This figure was produced from typical COBRA-IV
runs at arbitrary (but constant) system conditions.
Steam qualities for the different cases are normal-
ized with respect to the nominal (no creep) values
for each subchannel. This sensitivity diminishes
at larger MPTDC as outer subchannel loss factors
attain insignificant values close to zero.

3. Constitutive Relationships

The following constitutive relationships were
used in the current analysis:

Friction Factors. The well known Colebrook equation
(9) was used to calculate friction factors for both
the channel and feeders. Typical relative roughnes-
ses of 0.00005 for the fuel sheath and 0.00012 for
feeders were used.

Two Phase Multipliers. The Marcinelli-Nelson
correlation with the Jones mass flux correction was
used for the channel, the Fitzsimmons correlation
(for straight length) was used for feeders, the
Chenweth-Martin correlation was used for Che end
fittings, and the Chisholm HTFS correlation (for
flow obstruction) was used for bends and elbows.
The above package is available in COBRA-IV-EC as
options and was recommended in (5).

Cross Flow Loss Factors. These were assumed to be
0.5 as recommended in (5). A sensitivity study
indicated that the solution is insensitive to large
variations oi this parameter.

Turbulent Mixing. This was calculated from the
well known formula (3):

V

where,

SG

a Re

and, W is the turbulent cro£s flow per unit
length, S is the gap width, G is the average mass
flux for adjacent subchannels> D, is the hydraulic
diameter based on adjacent subchannels and the
constants a and b are assumed to be 0.0062 and -0.1
respectively as recommended in (10).

Void Fraction. The modified Armand bulk void
correlation was used to calculate void fractions
the channel and feeders (3).

4. numerical Considerations

A total number of 24 nodes was used for the 12
bundles simulated. End fittings were represented
as loss factors, while each of the feeders was
modelled as a pipe with two different segments.
This nodalization scheme is believed to be adequate
for the present steady state type of calculation.
Increasing the number of nodes from 24 to 36 does
not result in any significant change in the results.

5. Boundary Conditions And Methodology

As mentioned earlier, a parametric survey was
conducted using a range of header-to-header pressure
drops for the diametral creep range considered.
The pressure drop varied from 1.1 to 1.4 MPa. With
an arbitrary inlet flow and a typical outlet
pressure, COBRA-IV-EC iterates to calculate the
correct flow rate for the given pressure drop.
After conducting a critical power search, the code
increases the channel power by a preset value and
conducts another critical power search. The number
of power steps is an input parameter and varies for
different cases from a typical value of 3 to 5
steps. CCF is then predicted by plotting the
minimum critical heat flux ratio (MCHFR) versus
power and interpolating to determine the power at
which MCHFR - 1.0. The results of a typical CCP
analysis are shown in Figure 4.

, 1/
ao s.12

FIQURE 41 TYPICAL CRITICAL CHANNEL POWER ANALYSIS.
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FIREBIRD-III NETWORK SIMULATION

FIREBIRD-III (11) is a network code developed by
Atomic Energy of Canada Limited primarily cor
predicting the behaviour of CANDU power reactors
during postulated loss-of-coolant accidents and
subsequent emergency coolant injection. It is a
one-dimensional nodal type code. It motiels the
physical system by a set of interconnecting nodes
and a set of links. The mass and energy conserva-
cion equations are solved for the nodes and the
momentum equation is solved for the links. Complete
details of the thermohydraulic models and the
computation methods for FIREBIRD-III are described
in Reference (11).

Figure 5 shows the FIREBIRD-III representation
of the Primary Heat Transport (PHT) system of a
typical CANDU reactor used in this analysis. Only

TABLE 4: CHANNEL PARAMETERS AND RESULTS OF
FIREBISD - III SIMOATION

FIGURE 5: PRIMARY HEAT TRANSPORT
SYSTEM NODALIZATION

half of the core (one loop having two identical
passes) was simulated with each core pass represen-
ting 95 fuel channels. For the purpose of provi-
ding an upper-bound of pressure drop reduction with
creep, diametral creep was assumed to occur uni-
formly in all channels. This assumption would
result in an underestimate of the header-to-header
pressure drop and, as a consequence, the analysis
would produce conservative estimates for the CCP
penalty.

Four FIREBIRD-III runs were performed using the
information shown in Table 4 for a MPTDC range of 0
to 8Z.

The effect of pressure tube diametral creep on
header-Co-header pressure drop is given in Table 4
and shown on Figure 10 as will be discussed later.

Channel
_

Hydraulic
Oiaaactr in fc

(en)

Flow Area -
in f t* Cm )

Voluac of ,
node in fc

(a3)

SP in pi id
H-i.

(MPa)

Nonoalizail
Presiura Drop

PT Dianetril

0

0.0243
(0.741)

3.490
<0.324)

17.26
(0.489)

177.2

(1.22)

1.00

2

0.0268
(0.817)

3.835
(0.356)

18.97
(0.537)

160.2

(1.103)

0.90

Creep (Z)

4

0.0291
(0.887)

4.180
(0.388)

20.67
(0.585)

147.6

(1.016)

0.83

8

0.0336
(1.024)

4.870
(0.452)

23.99
(0.679)

131.5

(0.906)

0.74

RESULTS AND DISCUSSION

Mass and Enthalpy Imbalance

As mentioned earlier, a large number of GEODATA
runs were conducted to prepare the new data files
for COBRA. For each MPTDC value used, three COBRA
runs were done at different header-to-header
pressure drops. In each COBRA run, a critical
power search was conducted with 3 to 5 power steps.

The COBRA predicted increase in mass flow
imbalance with creep is evident on Figure 6, which
shows the normalized mass flux distribution (rela-
tive to the top subchannel nominal mass flux) for
all outer subchannels at the three MPTDC values of
2, 4 and 6Z respectively. A similar plot for the
enthalpy imbalance (Figure 7) shows that the bottom
subchannel quality increases by up to 302 as the
MPTDC increases up to 6Z. On the other hand, the
top subchannel quality decreases with creep,
reaching 0Z at 4Z MPTDC (single-phase liquid flow)
from a nominal value of 32Z quality at the power
level considered. Figure 6 can be plotted in a
different way to highlight the behaviour of outer
subchannels. Figure 8 shows the top, two intermed-
iate, and bottom subchannel flow behaviour as
normalized to the maximum flow (top subchannel at
6Z MPTDC). Subchannel 1 behaviour on Figure 8 is
typical of a critical subchannel.

It should be noted that Figures 6-8 inclusive
were obtained from runs at the same mass flow rate
and channel power. In reality, pressure tube
diametral creep results in an increase of che bulk
average channel flow due to the reduced resistance.
Although most of this flow is diverted to top
subchannels (due to eccentricity), critical subchan-
nel flow rates also increase slightly. A core-wide
flow distribution analysis would be needed to
calculate the bulk average increase of flow in
crept channels.
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Parametric Study

Given the header-to-header pressure drop, and
the MPTDC, critical channel power was evaluated as
explained before in the methodology section. The
ranges of pressure drops and MPTDC's presented
earlier were used to generate the map shown on
Figure 9. As expected, the reduction in flow and
increase in quality for the bottom/interior sub-
channels with creep resulted in a penalty in CCP.
The comprehensive map of Figure 9 shows the varia-
tion of CCP with creep at fixed boundary conditions.
It also shows the variation of CCP with header-to-
header pressure drop at fixed MPTDC. In reality,
as the MPTDC increases, th* header-to-header
pressure drop decreases. Hence, a more realistic
dependence of CCP on MPTDC would be similar to the
broken line in Figure 9. The essence of the
present investigation is to show the parametric
trends rather than predicting the exact penalty for
a specific station. Hence, a core-wide flow
distribution analysis was not conducted. Instead,
a bounding envelope of the reduction in headec-to-
header pressure drop was obtained by using the
thermohydraulic code FIREBIRD-III as discussed
earlier and presented below.

FIQURE 71 EFFECT OF FRCUURt TIME DIAMETRAL CREEF ON
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FIREBIRD-III Results

Steady state flow, temperature and pressure
distributions around the j>HT circuit (shown in
Figure 5) were calculated by FIREBIRD-III. However,
only Che header-co-header pressure drops are
presented in Table 4. The normalized pressure
drops (relative to the nominal case; i.e., case
with 0% creep) are plotted in Figure 10. The
reduction in header-Co-header pressure drop is
shown to be significant iti the range of pressure
tube creep investigated due to the conservative
core-wide uniform creep assumption; for example, a
reduction of 10Z in pressure drop for ZZ core-wide
creep. Figure 10 indicates that the header-to-
header pressure drop would approach an asymptotic
value as the channel flow resistance decreases with
creep.

A bounding envelope of th« penalty in CCP is
shown on Figure 9 as the dashed line. As mentioned
above, this estimate is conservative since the
MPTDC values were applied to the average channel in
FIREBIRD predictions.

CONCLUSIONS

Pressure tube diametral creep results in an
increase in mass and enthalpy imbalance; the net
outcome is a reduction in critical channel power.
An upper bound for this penalty has been estimated
using the network code FIREBIRD-III and the subchan-
nel analysis code COBRA-IV for a range of maximum
pressure tube diametral creep of up to 62. Accurate
evaluation of the expected penalty for a specific
station requires a core-wide flow redistribution
analysis to calculate the appropriate header-to-
hcadcr pressure drop. As a prerequisite, the
core-wide pressure tube diametral creep distribution
would be needed. The calculated pressure drop and
the map given in Figure 9 are sufficient to give a
reasonable estimate of the penalty for 37-element
bundle fuel channels.
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STATUS OF THE CANADIAN NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

R.B. LYON
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ABSTRACT

The Canadian Nuclear Fuel Waste Management Program
is In the fifth year of a ten-year generic research
and development phase. The major objective of this
phase of the program is to assess the basic safety
and environmental aspects of the concept of isolating
Immobilized fuel waste by deep underground disposal
in plutonlc rock.

The major scientific and engineering components of
the program, namely immobilization studies, geo-
science research, and environmental and safety
assessment, are well established.

INTRODUCTION

Canada's radioactive waste management activities
(1) Include research programs on highly radioactive
nuclear fuel vaste (2), low- and intermediate waste
(3-6), and uranium mine and mill tailings (7,8).

Research and development pertaining to highly
radioactive nuclear fuel waste, which are the
subjects of this paper, are performed within the
Canadian Nuclear Fuel Waste Management Program. The
program covers interim storage, transportation,
immobilization, and subsequent disposal of nuclear
fuel waste. The term "fuel waste" la taken to mean
both used fuel discharged from CANDU* reactors and
radioactive waste that would result from recycling of
the used fuel, should recycling be Implemented in the
future.

In 1978 June, the governments of Canada and
Ontario announced an agreement to cooperate in the
development of technologies for the safe management
and permanent disposal of Canada's nuclear fuel
waste. (9)

In 1981 April, the Canadian government approved a
ten-year generic research and development program on
nuclear fuel waste management. The objectives of
this phase of the program are:

(a) to assess the environmental and safety aspects
of the concept of Isolating immobilized fuel
waste by deep underground disposal in plutonic
rock;

(b) to develop the technology for storage, trans-
portation, immobilization and disposal to the
extent necessary to provide data for the
assessment; to design facilities; to specify
operating processes and procedures; and to
demonstrate that practical technology Is
available for implementation of the concept;

(c) to establish the requirements, equipment, and
procedures for the site characterization ar:d
selection processes for the next phase of
nuclear fuel waste management; and

(d) to develop the basis for public acceptance and
support through scientific and regulatory re-
view, and public information, Interaction and
participation.

Under the Canada/Ontario Nuclear Fusl Waste
Management agreement (9), responsibility for the
development of technologies for interim storage and
transportation of used fuel rests with the provin-
cially owned utility, Ontario Hydro, while the
coordination and management of the research and
development program on Immobilization of fuel waste
and Its safe disposal are the responsibility of die
federal Crown Corporation, Atomic Energy of Canada
Malted (AECL).

CANDU reactors operate on a natural uranium,
once-through fuel cycle. However, technologies are
being developed for the immobilization of both used
fuel and fuel recycle waste so that either can be
disposed of in the future, as requirements demand.
Current used-fuel storage methods are adequate for
decades, and additional interim storage can readily
be provided at the reactor sites. (10) Thus, full-
scale disposal is not required in the near future.

To ensure that sufficient technical expertise is
available within the program, AECL has actively
encouraged the participation of Canada's scientific
and engineering community. Several government
departments and agencies, private Industry and
consultants are working with AECL. In addition,
faculty members of several Canadian universities have
research contracts covering a wide range of topics.
Over 400 scientists and engineers are contributing to
the program. The administrative structure, main
research and development components, participating
organizations, and international cooperation are
described in more detail in the Program Guide. (11)

Canada has cooperative agreements with the United
States of America, the Commission of the European
Communities, and Sweden. These agreements provide
for the exchange of data and other information on
nuclear waste management, and encourage cooperation
In areas of mutual interest•

As the halfway point in the ten-year program is
approached, It is clear that considerable progress
haa been made toward* achievement of the program
objectives. All necessary activities are In place
and the remaining steps required to complete this
phase of the program have been Identified.

* Canada's natural-uranium-fuelled, heavy-water-
moderated and -cooled reactor (CANada Deuterium
Uranium).
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ASSESSMENT OF THE CONCEPT

The goal of the environmental and safety
assessment Is to assess the Impact of a disposal
facility on man and the environment. The assessments
ire being published in a series of Concept Assessment
Documents. The first interim Concept Assessment
Document was published in 1981 (12-14) and the second
will be issued shortly. The formal Concept Assess-
ment Document, scheduled for completion in 1988, will
form the basis for concept evaluation by regulatory
and environmental agencies and for subsequent review
at a public hearing.

The environmental and safety assessment has two
major components: pre-closure assessment and
post-closure assessment. Fre-closure assessment
covers the period up to and Including vault back-
filling, sealing and closure. Post-closure assess-
ment covers the period after the vault has been
sealed and the surface facilities decommissioned.

The pre-closure assessment deals with the
potential health, environmental and socioeconomlc
impacts of the activitie3J construction of a dis-
posal facility; transportation, immobilization and
emplacement of the fuel vaste; backfilling and
sealing of the vault; and decommissioning of the
surface facilities. Ontario Hydro performs the
pre-closure assessments and has completed documen-
tation of a second interim pre-closure assessment.
(15-17) Estimated occupational an.l public impacts
were found to he within currently accepted limits for
all operations. Several areas were identified where
system modification could further reduce Che impacts.

The post-closure assessment considers the poten-
tial long-term effects of a disposal vault and its
contents on man and the environment after the vault
has been sealed. (18,19) Host of the research and
development activities focus on the post-closure
assessment.

In 1985, February, the Canadian Radiation
Protection Association met to consider criteria for
nuclear waste management. (20) The meeting Included
representation from the Atomic Energy Control Board,
Atomic Energy of Canada Ltd., and Federal and
Provincial Departments of the Environment. Following
the conclusion of the meeting two basic criteria for
acceptability of a disposal system were adopted, thus
facilitating ongoing development of assessment meth-
odology pending the promulgation of formal criteria
by the regulatory and environmental agencies. The
two criteria are stated as follows:

1. The estimated risk to an individual due to a
disposal vault during the post-closure phase
should not exceed an established riik level.

2. The estimated probability of exceeding an
established individual annual dose equivalent
level should not exceed an established
probability level.

The above "established" levels have yet to be
.iseahUshed, and no conclusion has been reached as to
'iov far In the future the criteria should apply. The
first Criterion Is considered to be the primary
criterion. The Nuclear Energy Agency of the 3ECD has
proposed a risk criterion for nuclear vaste disposal
and.has suggested a level of acceptability of risk at
10 per annum. (21) Risk is a combination of the
probability of receiving a radiation do*c and the
probability of a health effect irl*(.ng from that
dose.

The second criterion has been adopted to address
concerns ibout high dose levels, even If the first
criterion is met. It also enables comparison with
natural background dose and current regulatory
limits.

Post-closure assessment must draw on vast amounts
of research information and data in order to estimate
the overall behavior of a disposal vault. This In-
formation will concern the behavior of waste forms,
containers, buffer and backfill material, the
geological formation and the surface environments.
In all of these aspects there will be uncertainty and
variability-uncertainty because parameters cannot be
measured exactly and because their future values
cannot be predicted with certainty, and variability
because parameter values actually vary considerably
in space and time.

The SYVAC systems vsriabllit/ .i.ialysis code
(Figure 1) was developed Co perform the post-closure
assessment. (22) SYVAC contains a set of submodels
that represent the components of the disposal system,
the vault, geoaphere and biosphere. Uncertainty lid
variability are treated by representing the input
parameters as distributions rather than single
values. The submodels and parameter distributions
are derived by assimilating the results of the field
and laboratory observations, which are usually
interpreted by the use of detailed research models.
SYVAC performs repeated deterministic calculations
with parameter values sampled from their distri-
butions in a Monte Carlo process. Figure 2 a) and b)
contain SYVAC results for a recently completed
assessment, comparing risk versus time to the MSA
suggested limit and presenting the probability of
exceeding 30% natural background dose versus time.
(This dose would be equivalent In risk to the NEA
risk level.)

Validation of the assessment is achieved by a
combination of quality assurance on software (23),
expert review, intercode comparison and comparison
with field and laboratory observations, the last
applying mainly to the validation of the research
models. An excellent example t f the validation of a
research model Is the comparison between prediction
and observation of the water-table drawdown during
construction of the Underground Research Laboratory.
(24)

RESEARCH AND DEVELOPMENT

A comprehensive research and development program
is now firmly established (25), which provides the
technology required for storage, transportation and
immobilization of fuel waste, and for the construc-
tion of disposal facilities. It supports the
assessments by providing recommended models and data
distributions, characterizes waste forms, engineered
barriers ana natural barriers, and develops pro-
cedures and equipment for site characterization and
selection.

Storage and Transportation of Used Fuel

Used CANDU fuel continues to be stortd safely and
economically In water-filled concrete storage beys at
the nuclear generating stations. The current in-
stalled nuclear generating capacity in Canada is
about 7500 HHe. At the end of 1984, about 300 000
used-fuel bundles (approximately 7 000 Kg) were In
storage, after producing about 290 billion ktfh of
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electricity. Studies are being conducted on the
feasibility and economics of two dry-storage systems
- convection vaults and concrete canisters. Experi-
ence with wet and dry storage of used CANDU fuel over
the past 20 years provides confidence that Interim
storage is practicable for at least 50 years. (26)

Ontario Hydro Is developing the technology for
large-scale transportation of used fuel. The
reference cask design has a two-module (192-bundle)
payload, rectangular geometry, and monolithic
stainless steel wall construction. The heat
dissipation capabilities of the reference cask have
been investigated In a full-scale simulation using
electrically heated simulated fuel bundles, and
experiments have been conducted that show that little
radioactivity would be released from the fuel in the
event of clad rupture during either normal or
accident conditions of transport. Completion of
design, construction and licensing of a full-size
cask is scheduled for 1988.

Fuel Immobilization

Fuel immobilization studies involve the develop-
ment of durable containment for the disposal of
intact used-fuel bundles, and the characterization of
used fuel as a waste form. (27,28) Studies have
concentrated on simple cylindrical containers with a
high-Integrity corrosion-resistant metallic shell to
Isolate Che fuel during its high toxicity phase.
Containment systems that could offer substantially
longer isolation, using materials such as ceramics,
are also being studied.

Several container designs are being evaluated.
(29,30) The simplest, the "strussed-shell" design,
has a shell thick enough to withstand the hydrostatic
pressure In a flooded vault. Others, called
"supported-shell" designs, have an Internal jupport
that permits the use of thin-walled shells. The
support is provided by a cast metal matrix (for
example, lead), packed partlculate material sur-
rounding the fuel bundles (for example, glass beads),
or a structural support (carbon steel tubes).

Prototypes of these container designs were
fabricated from stainless steel or grade-2 titanium
and subjected to tests in a Hydrostatic Test Facility
(HTF) at pressures up to 10 MPa and temperatures up
to 150°C. While shore-term tests have shown all
containers tested to be acceptable, a detailed
structural analysis indicated that a streised-shell
container fabricated from ASTM grade-2 titanium would
begin to buckle under creep deformation after about
five years under a pressure of 9.4 MPa at 100 C. (31)
Modelling of the structural performance of a lead-
matrix design has shown good agreement with experi-
ments (32) and voids due to casting defects have been
shown not to have significant effects. Hydrostatic
testing of full-scale particulate-packed and
structurally supported containers has demonstrated
excellent resistance to loading, with only minor
deformation. (33,34)

Acceptable closure welding has been achieved for
grade-2 titanium using tungsten inert gas (TIG) welds
(35) and development has progressed on copper
container electron-beam welding. (36) Various
weld-inspection techniques have been Investigated,
including ultratonic. (37,38) Titanium alloys are
readily lnspectable by ultrasonic techniques but more
development work is required for inspecting welds in
copper and nickel-baaed alloys.

The long—term corrosion behaviour of candidate
container materials is being studied. (39) Grade-2
titanium has been shown to be susceptible Co the
initiation of crevice corrosion, but, below a
critical potential, the propagation Is inhibited.
(40) The low levels of dissolved oxygen In deep
groundwater, the use of I'edox buffers and the very
limited access of oxldants to the waste containers
should all Inhibit propagation. It has been
suggested that the generation of oxidizing species at
the container surface by gamma radiolysis could
increase propagation; however, electrochemical
experiments have shown little evidence of this so
far. (41) It has been concluded that grade-12
titanlum Is much more resistant to localized corro-
sion than the grade-2 material (42) as is Hastelloy
C-276, a nickel-based alloy.

Hydrogen embrittlement experiments under dynamic-
strain conditions have only shown some evidence of
embrittlement for Titanium 12 at temperatures above
100°C and at highly oxidizing potentials. (43,44)
Studies of the corrosion behaviour of copper in
simulated high salinity groundwater have shown that
copper is a suitable alternative to passive metals.
(45)

Used Fuel Characterization

Determination of the leaching and dissolution
properties of used U0. fuel constitutes the major
part of the fuel characterization program. During
the past two years, emphasis has been on estimating
th.« fractions of cesium-135 and iodlne-129 that are
rapidly released from the gap between the fuel and
sheath during the early stages of used-fuel
dissolution. The gap Inventory of cesium-135 and
iodlne-129 at the time of fuel discharge from the
reactors is now estimated to be about 2.2Z. Recent
studies have shown a correlation between fuel power
history and fuel leaching properties. (46)

Experiments to Investigate the effects of gamma
and alpha radiolysis of groundwater on U02 dis-
solution are underway. After 485 days in a gamma-
radlatlon field at 100°C, U0, samples in groundwater
became slightly more oxidized than did non Irradiated
samples. Experiments with alpha sources between
0.037 and 3.7 MBq (1 and 100 -MCI) provided no
electrochemical evidence for U0_ oxidation. However,
with a 37 MBq (1- mCi) alpha source, electrochemical
results suggested that surface oxidation of U0, can
occur. This is probably due to the reactio"h of
radlolytically produced radicals, or hydrogen
peroxide, with the U02 surfaces.

Waste Immobilization

Processes and products are being developed for
immobilizing the waste that would arise If the fuel
from CAHDU reacCors were recycled. (28,47) Glasses,
ceramics and glass-ceramics are being evaluated as
possible waste forms.

A Waste Iamoblllzation Process Experiment
facility, consisting of a rotospray calciner and a
ceramic electromelter, designed to produce 10 kg.b
of sodium borosilicate glass, Is now operating at
WNRE.

The behaviour of glass waste forms and their
durability In the hydrothermal environment antici-
pated In a disposal vault are being studied. A
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survey of borosillcate waste glasses (48) showed that
durability Increases with increasing SiOj, FejO-j or

A 1 . 0 , content, but decreases with Sa.O or K.O
content. Sodium aluminosilicate glasses (49) h a v e a
low,_^ela±ively constant leach rate (less than 10
kg.m ".s ) within a wide composition range.

The ceramic waste forms being considered contain
sphene (CaTiSiO ) . Calculations indicate that sphene
should be stable In gnsundwaters -typical of the
Canadian Shield (high Ca , low SO, and C 0 3 ) in
the temperature range of 25 to 150 C. Three types of
sphene-based matrices are being studied: natural
minerals, ceramic pellets formed by pressing and
sintering, and glass-ceramics formed by melting and
controlled crystallization of the system
tfa2O-Al,O3-CaO-Ti0,,-S10,. Experimental studies of
the hydrotherraal Behaviour and surface modification
o* natural and synthetic sphenes in groundwater show
that selective leaching of the matrix elements or
simulated radionuclldes is not significant, provided
sphene is within its stability field. (50,51) For
the glass-ceramic, consisting of sphene crystallites
in an aluminosilicate glass matrix, the release of
radionuclides depends on the relative dissolution
rates of the glass and ceramic phases and also on the
partitioning of each radionuclide between the two
phases. (12) Solution and surface analyses indicate
that in most cases the glass phase leaches
preferentially. For the glass-ceramic, irradiation
does not lead to an Increase in leach rate In
distilled water or brine at 100°C. (53)

Disposal Vault Sealing

Disposal-vault sealing studies involve the
development of the buffer material (clay/sand
mixture) to surround the containers, and other
barriers to close the man-made openings to the
surface: namely, the backfill and the plugs and
grouts for shaft and borehole seals. (54)

A study of the physical and chemical properties of
buffer and backfill clays (55) has provided
information on basic mineralogical, chemical and
physical properties, and on the behaviour of clays
under wet-dry cycling. Bentonites are suitable as
buffers because of their high swelling potentials,
low hydraulic conductivities, low effective
porosities and high sorptlon capacities for
radionuclides. <"i6-58)

Some important physical properties of candidate
buffer materials have now been characterized. A
compaction study was completed (59), which showed
that the effective clay density in a clay-sand
mixture (that is, the ratio of the mass of clay to
the volume of clay and voids in the mixture) remains
nearly constant for clay contents over 50 weight
percent. Effective density is one of the main
factors determining the effective porosity, and thus
hydraulic conductivity and ionic diffusion properties
of the material. (57,60) Swelling pressure has also
been shown to be dependent on the effective clay
density for one clay-sand mixture. (61)

Hydraulic conductivity values measured for two
candidate materials were measured, showed that sodium
bentonlte clay-sand mixtures have lower conductivity
(10~* to 10", m.*~ ) than Illlte clay-sand mixtures
(10- to 10 m.i~ ). (62) A model was developed to
describe the factors (structure, density, water
chemistry and hydraulic gradient) that determine the
effective porosity of these mixtures. It was

predicted that water chemistry should not signifi-
cantly affect the porosity for the density values
proposed for the buffer. (63)

Mechanical changes can influence the effectiveness
of the buffer as a thermal conductor and protective
blanket around Che waste container. Experimental
studies have shown that shrinkage, long-term creep,
drying and rewettlng, and the removal of buffer
material by groundwater are unlikely to prejudice the
effectiveness of the buffer. (64-66)

A major study on buffer and backfill engineering
has provided information on procedures, schedules and
costs. (67,68) The emplacement of containers was
assumed to involve four stages: (i) compacting the
buffer, (li) drilling holes into the buffer, (ill)
emplacing containers and capping the holes, and (iv)
backfilling. Most operations Involving backfill and
buffer could be carried out by conventional equipment
in radiation-free conditions. However, emplacement
of the container and capping of the holes would
require the use of shielded or remotely controlled
equipment.

Computer modelling studies have been performed to
determine the effects of container and buffer
geometry and the quality of the rock wall In the
emplacement boreholes, on dlffusional transport of
radionuclides from failed containers. (69-73)

Immobilized Fuel Test Facility

The Immobilized Fuel Test Facility (IFTF) at WNRE
provides an environment for a wide range of multi-
component experiments (74,75) in radiation fields,
under temperatures and pressure conditions that
simulate a vault environment. The experiments are
designed to test active waste forms and materials
proposed for engineered barriers. Preparation of
long-term immersion experiments In passive canisters
and of multieomponent-systems tests are well under-
way. The first set of experiments were emplaced lare
in 1984. A typical set of experiments comprises 18
small titanium pressure vessels, each containing fuel
waste, container material, buffer, groundwater and
rock, loaded In one of the seven concrete canisters.
The experiments are run for six months or more at
temperatures up to 200°C and at pressures up to 8MPa.

Geosclence Research

The emphasis of the geosclence research is on the
evaluation of large plutonic rock masses in the
Canadian Shield as potential host for Immobilized
nuclear fuel waste. (76-7S)

Deep exploratory drilling and detailed surface
mapping are being carried out at designated field
research areas in the Canadian Shield. The areas at
Chalk River and Atlkokan, Ontario, and Whiteshell,
Manitoba, contain granite rocks, while those at East
Bull Lake and Overflow Bay, Ontario, contain gabbros.

The research area near Atlkokan has been chosen as
the site of a regional Flow System Study to be
carried out over the next eight years. The study
area is about 20 km x 20 km and Includes the
Eye-Dashwa Lakes granitic pluton and a large part of
the surrounding rock. Geological mapping of the
Eye-Dashwa Lakes pluton and surrounding rock has been
carried out. Surflcial deposits have been mapped,
and the Interaction between the shallow groundwater
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cable and the deeper flow systems has been investi-
gated. Surface water chemistry surveys located
electrical conductivity anomalies (up to 300 uS.cm )
Chat could indicate local zones of recharge or
discharge. Sonar surveys of several lakes provided
information on the water depth and on the lake bottom
sediments•

At the East Bull Lake research area, detailed
geophysical surveys were made of the gabbro—
anorthosite pluton. (79) The results indicated that
both airborne and ground geophysical methods have
good predictive capabilities. Estimates of the
pluton thickness based on gravimetric (79) and
aeromagnetic data (80) were in the range 400 to
800 m, and magnetotelluric surveys (81) suggested Che
presence of a highly conducting layer at a depth of
about 800 m. Subsequent drilling showed that the
gabbro-anorchosite layer ia about 770 m thick. There
was also a good correlation between major faults
mapped in the field (82-84) and conductors deter-
mined by very low frequency-electromagnetic survey
(VLF-EM).

Regional groundwater sampling indicated that
saline groundwaters occur at depth throughout the
Canadian Shield in fractures in plutons not asso-
ciated with metallic ore mineralization. The origin
of these waters is not yet fully understood, and has
been variously attributed to fossil sea water, in-
tense rock-water interaction, and leakage from the
Paleozoic cover. (85)

Underground Research Laboratory

The Whiteshell research area is situated on the
Lac du Bonnet batholith, a large granitic body in
southeastern Manitoba. This research area is the
site of the Underground Research Laboratory (URL),
which is being constructed below the water table in a
previously undisturbed portion of the batholith. The
URL project has been underway since 1979 (86,87),
when field studies commenced to identify a suitable
study area and location for the laboratory. In 1980,
surface and mineral leases for 21 years were obtained
on 3.8 km of Manitoba Government crown land, IS km
northeast of the Hhlteshell Nuclear Research
Establishment.

The objectives of the URL project are to study the
correlation between surface and subsurface features,
hydrogeologieal and geochemical systems in plutonic
rock, excavation damage in rock, the effect of heat
on plutonic rock (Including the effect on mass trans-
port), and heat on buffer/backfill/rock Interactions.

Comprehensive geological, geophysical and
hydrogeological investigations of the URL lease area
are being done. Numerous geophysical surveys were
performed in boreholes ( 8 8 , 8 9 ) , and three major
subhorizontal fracture zones were identified. A
network of instrumented boreholes has been estab-
lished to provide baseline data on pre-construction
hydrogeological conditions and to measure changes
caused by the excavation. Groundwater levels are
recorded continuously in about 75 groundwater
monitoring locations. Predictions of changes in
groundwater systems by several independent hydro-
geological modelling groups are being compared with
the groundwater system perturbations measured during
and after excavation.

Surface facilities .ire now conpleted and shaft
excavation was completed 1985 March. The URL will be
ready for operation in 1986. The underground

facilities have a 255-m deep, rectangular access
shaft, a ventilation raise, and a test level with
several experimental rooms.

Geochemistry and Applied Chemistry

The objective of the geochemistry and applied
chemistry research is to quantify the chemical and
physical interactions that occur between radlonu-
clides and the geological materials lining
waterbearing fractures in plutonic rock. These
interactions can prevent or retard migration of
radionuclides from the deep underground vault to the
biosphere. Examinations of the geological records
that exist in and along groundwater-bearing fractures
In plutonic rock, and of geological analogues to a
disposal vault, such as naturally occuring uranium
deposits, are being used to assess the behaviour of
radionuclides in the geosphere. In two well-defined
uranium deposits in northern Saskatchewan, the
uranium was observed to have migrated less than 5 ni
Into the clay surrounding the ore body, over the last
billion years.

REVIEW PROCESS AND SCHEDULE

In 1981 August, the governments of Canada and
Ontario issued a statement describing the evaluation
process, the roles and responsibilities of the
environmental and regulatory agencies, and the in-
volvement of the public. (90) The evaluation
process, which will start in 1988, will involve a
regulatory and environmental review, a full public
hearing and, in 1991, a decision by the two govern-
ments on the acceptability of the concept. In the
regulatory and environmental review, the Atomic
Energy Control Board will act as the lead agency,
assisted by the federal Department -" the Environment
and the Ontario Ministry of the hnvironment. The
public hearing will be held under the auspices of the
Canadian government.

Major efforts have been made to involve the public
throughout the program, with speaking engagements,
discussion group meetings, and invitations to reviev
assessment documentation. A comprehensive public
consultation program is now being launched.

An independent Technical Advisory Committee,
established in 1979, provides an ongoing scientific
review of the program. The membership of the
Committee is drawn from candidates norclnai-ed by
professional societies throughout Canada, thus
ensuring its independent status. The Committee
advises AECL on the extent and quality of the
program, and interprets and evaluates it for the
scientific and technical community and the general
public. The Committee also makes constructive
.-riticlami, suggestions and recommendations
concerning the various components of the program.
The Technical Advisory Committee has i9sued five
annual reports available to the public (see for
example, reference 91).

In the second half of the ten-year program it now
remains to consolidate the site screening and evalu-
ation methodology, the development of the technology
for Immobilization and disposal, and the scientific
basis for the concept assessment, so that the
regulatory and environmental authorities, the public
and the various levels of government can reach
decisions on the acceptability of the concept.
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ABSTRACT

The Canadian Nuclear Fuel Haste Management
Program, while essentially a scientific progran whose
objective is to provide technical solutions to the
disposal of nuclear fuel wastes, also has Important
social and political aspects. When the program was
launched in 1978, there was a period of intense
public interaction as geological research areas were
established. Atomic Energy of Canada Limited (AECL)
is now turning its attention to the process of
identifying, analyzing and attempting to deal with
the broader social Issues related to the public
acceptance of the disposal concept. A public
participation program, consisting of surveys, focus
groups and consultation with public and special
interest groups, has been initiated.

BACKGROUND

Early Information Programs

In 1978, the governments of Canada and Ontario
designated Atomic Energy of Canada Limited as the
lead agency in a program "to verify that permanent
disposal in intrusive igneous rock is a safe, secure
and desirable method of disposing of radioactive
waste" [1]. Since the research program resulting
from this directive required public acceptance for
geological field investigations, a period of intense
public interaction followed. The major part of this
program involved Interaction in coomunlties where
geological research activities were to take place,
and had the objective of allaying the frequent public
misunderstanding that research drilling was the first
step in locating a nuclear fuel waste disposal
facility near those communities. These early
information initiatives are, in part, described in
AECL TR-3O [2J.

AECL also launched a general Information program
to Inform the public about its work in the field of
nuclear fuel waste management. This program included
the production and dissemination of information
materials in both printed and audiovisual formats,
the provision of public speakers, displays at
shopping centres and exhibitions, briefings for
elected officials and the media, attendance at public
meetings, school visits, Information centres, direct
mail and the occasional use of advertising. A
toll-free information line was established for
residents of eastern Manitoba and northern Ontario,
where geological research was taking place.

Early Concerns About Social Issues

While AECL engaged in the task of informing the
public about the research program on nuclear fuel
waste management, the larger social issues that may
eventually influence public acceptance of the
disposal technology were beginning to be recognized
as being of Importance. A number of different
suggestions for dealing with these issues were
proposed, but none were found to be entirely
satisfactory.

In 1980, the report of the Ontario Royal Commis-
sion on Electrical Power Planning [3] said in part;

"While the science and technology of managing and
disposing of high-level radioactive wastes appears to
be advancing purposefully, the social and political
aspects of this problem are much less tractable, not
least because they have been virtually ignored. In-
deed, we believe that these problems transcend
science and technology and that the debate will be
conducted with increasing emphasis on politics and
ethics. Unless consensus is achieved on a broad
basis, the resulting uncertainties, delays and cost
escalation will impact negatively on the scientific
programmes•"

"It is important that appropriate mechanisms be
put in place to ensure a meaningful dialogue between
the critics of nuclear power and the proponents. It
must be obvious that the waste disposal problem will
not vanish. The problem must be resolved within the
next two or three decades. It will require cooperat-
ion among individuals of all shades of opinion. In
particular, it will call for a degree of reasonable-
ness and compromise on the part of both critics and
advocates of nuclear power."

The commissioner, Dr. Arthur Porter, recommended
that "if progress in high level nuclear waste
disposal R&D, in both the technical and the social
sense, is not satisfactory by at least 1990... a
moratorium should be declared on additional nuclear
power stations."

The Ontario Legislature Select Committee on
Ontario Hydro Affairs, in its report to the Ontario
Legislature in 1980 June [4', also commented on
perceived social problems in the final disposal of
high-level waste:

"The committee is concerned that the current
technical program will be continuously hampered and
delayed by the public distrust that now surrounds it.
Further, as the program is currently managed, there
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is very little chance that any technical solution -
no matter how well conceived - will be publicly
accepted".

The committee recommended that a new agency be
formed to aasinae € M 1 V i*iblic sas^oaatbtlttv for. 'sav-
aging the entire program, from its current research
phase through to the operation of a disposal facil-
ity. It further recommended that the government of
Canada and Ontario must agree on, and inform the pub-
lic of, the procedure, basis and jurisdiction for
approvals and public safeguards at all phases of the
program.

The two governments decided against the creation
of a new agency to manage the program, but did issue
a joint statement on 1981 August 4 [5] announcing the
process whereby the disposal concept would be eval-
uated through regulatory review and a public hearing
before being implemented. This statement clearly
separated the current research phase of the program
from a future site selection phase.

DEALING WITH THE SOCIAL ISSUES

While the public information programs described
earlier do provide an avenue for public feedback,
they are not a complete means of identifying and
attempting to deal with the social issues that sur-
round the acceptance of the technology and its ultim-
ate implementation [6J-

The social issues are complex [7], but they essen-
tially revolve around one question: What combination
of social and technical criteria does the public re-
quire for the implementation of nuclear fuel waste
disposal technology?

The NIMBY Syndrome

While research results to date in the Nuclear Fuel
Waste Management Program provide confidence that the
technical acceptability of the disposal concept will
be demonstrated [81, past experience In other count-
ries has shown that considerable difficulties in im-
plementing the technology could be encountered unless
the public is convinced of the safety of the techno-
logy. Acceptance by regulatory agencies does not
appear to be sufficient to convince the public. The
public's concern about the safety of the technology
manifests itself in an expressed desire to have the
waste disposal site located far from one's community
[5J. This phenomenon, not exclusive to nuclear wasta
management, is commonly referred to as the Not In My
Back Yard (NIMBY) Syndrome.

Despite these concerns, the fact remains, as the
Ontario Royal Commission on Electrical Power Planning
pointed out [3], that the wastes exist and they must
eventually be disposed of somewhere. The United
States Interagency Review Group on nuclear waste man-
agement suggested in its preliminary report [9] that,
because of the impossibility of demonstrating safety
over the very long time periods involved in nuclear
fuel waste management, a social consensus would be
required to proceed wi'-h geological disposal.

In practice, many considerations may be important
to various public interests. Electricity consumers,
for example, may want a solution that doesn't add
appreciably to the co»t of this electricity, while

others may want an iron-clad guarantee that the waste
could never escape. Debate can be expected on the
risk from low-level radiation, a subject on which
diverse public opinion exists despite an overwhelming
scientific consensus [10]. Early indications from
sociological tesa&tth ^lll &*« that members of the
public would like monitoring of the waste after
disposal, while many scientists contend that final
security of the disposal system cannot be achieved so
long as monitoring systems provide pathways for the
waste to follow to the surface. Because It may be
extremely difficult to rationalize these many diverse
points of view, the development of a social consensus
on such a complex issue may be extremely difficult.

Proponent's Responsibility,

While the social questions may be difficult to
deal with, a proponent who proposes to construct a
project that involves federal funds is, according to
Canadian government guidelines, responsible for iden-
tifying and attempting to deal with the public
concerns associated with it [12]. It is unclear
whether this requirement also applies to conceptual
aTQ.ao.saJ-3 such, as the nuclear fuel waste disposal
technology, but there is another Incentive for AECL
to identify and attempt to deal with the social
issues. Without such an attempt, it is conceivable
that AECL could produce a technical concept that,
meets the requirements of the regulatory agencies but
lacks public acceptance. In order to produce a tech-
nology that can be implemented, AECL must not only
meet the published technical criteria, but educate
the public about it and be responsive to the public's
opinions of it.

PUBLIC PARTICIPATION PROGRAM

If it is recognized that social concerns must be
considered along with technical concerns in the
development of a nuclear fuel waste disposal techno-
logy, the need to identify and deal with social
concerns is clearly important. Since the issues are
complex, a program that allows for in-depth discus-
sion and evaluation of the issues with a broad cross-
section of society is required. To satisfy these
prerequisites, AECL has initiated a program of public
participation in the Nuclear Fuel Waste Management
Program. The program includes sociological research
and a series of individual consultation meetings with
public and special interest groups to identify and
analyze the social issues associated with the dispos-
al concept. Methods of providing for interaction
among the groups being consulted at a later stage in
the process, and for reporting the results of the
participation program to Che public hearing, are be-
ing evaluated.

Public Consultation

All Canadians, and people of all future generat-
ions, could be considered "stakeholders" in the issue
of nuclear fuel waste disposal, but it is clearly not
possible to consult with all of them. On the assump-
tion that balanced representation from a wide spect-
rum of public sectors can be functionally equivalent
to full public involvement [13], AECL has invited 52
selected public and special interest groups to part-
icipate in consultation meetings. The participants
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for the program were identified for AECL by a consul-
tant who was instructed to ensure that interest
groups broadly representative of society would be
selected^ Included in the list are groups that have
participated in past nuclear inquiries, or that have
a general interest in nuclear or other hazardous
waste management issues. The list includes groups
from which support, opposition and neutrality could
be expected. By announcing publicly the commencement
of the consultation program, AECL has also opened it
to other organizations that may be interested in
participating.

Sociological Research

Sociological research is also being used to assist
in identifying the issues and concerns that are im-
portant to the general public. Two techniques are
being employed: public opinion surveys and focus
group jiscuasions.

Public opinion surveys provide a mechanism for
obtaining input from the general public, and for
reaching the "silent majority", whose views may be
missed chroagh a program of consultation with specif-
ic groups. The survey results wi^l also provide in-
formation and feedback to the public and special in-
terest groups on issues raised by the general
public.

Focus group discussions, using a modified Delphi
method to ensure that the potential exists for re-
solving the issues that are identified, is another
research technique being employed. The intent in
using this technique is to approximate the consulta-
tion sessions with the interest groups.

The results of the focus group discussions, while
valuable in their own right as Indicators of the
social issues and their potential solutions, will al-
so help the consultation groups identify salient
Issues, and will eeaist In developing questions for
future public opinion surveys.

Methods for Resolution

It is recognized that the groups being consulted
may not agree on which i«»ue» are the most important,
which courses of action are preferable, and which
conditions are the right ones for acceptance of the
disposal concept. Therefore, a mechanism is required
for the vario.s segments of society, by interaction
among themselves, to discuss and attempt to resolve
any issue differences they may have [14].

Some of this interaction will occur by information
"networking" among the groups, and by the dissemina-
tion of minutes of the consultation meetings, but a
more formal opportunity for interaction is desirable.
"everal options for providing such an opportunity,
for example a conference, meetings, or workshops, are
being evaluated, but no decision hat yet been made.
Whatever method lc chosen, it is important that the
participants be broadly representative of the whole
of society, so that the Conclusion! reached reflect
the general public view, rathtr than that of extrem-
ists on either tide of the issue.

CONCLUSION

Social issues have been Identified by independent
review agencies to be of considerable Importance to
the public acceptance of the technology for disposing
of nuclear fuel waste.

While AECL's Information programs provide some
opportunity for public feedback, new techniques are
required to ensure that the social issues of relev-
ance to the Canadian Nuclear Fuel Waste Management
Program are identified and efforts made to deal with
them. AECL has initiated a public participation
program to achieve this goal.

The public participation program is starting with
a program of surveys, focus group discussions and
consultation with representative public and special
interest groups. Techniques for formal interaction
among the consultation groups, are being evaluated.
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ABSTRACT

Safe l^ng-torm disposal of uranium mill
tai l ings in Canada requires that decisions be made
on the acceptability of future effects on the
environment and man. The National Uranium
Tailings Program has the task of pulling together
the sc ient i f ic understanding of long-term
behaviour and developing a methodology to predict
the long-term effects of tai l ings and thus provide
a sound basis for these decisions. This paper
describes the Program and presents results ftuia
the f irst phase of the system model development
work.

INTRODUCTION

The National Uranium T a i l i n g s Program (NUTP) i s
part of the Minerals and Earth Sc iences Program of
Energy, Mines and Resources Canada (EMR). I t has
a d i s t i n c t management and f i n a n c i a l s t ruc ture
within the Mineral Sc iences Laboratories of the
Canada Centre for Mineral and Energy Technology
(CANMET).

The Minis ter of State for Mines announced the
NUTP i n September 1982 and i t rece ived Treasury
Board approval in November 1982 when approximately
$8.5 mill ion was allocated over a period of five
years. Thus the Program ,as been functioning for
e f fec t ive ly two f i sca l years. The work of the
Program is t o t a l l y contracted out, mainly to the
private sector.

This paper summarizes Program progress to March
1935. The f i r s t part of the presentation
discusses the history, philosophy, focus, and
approach of the Prograa. The second part
discusses the preliminary system-modelling work
and presents some typical results to i l l u s t r a t e
the type of predictive information to be expected
from the Program.

HISTORICAL SETTING

By 1982, there were about 130 mill ion tonnes of
uranium ta i l ings in Canada with about 100 mil l ion
in Ontario, 30 m i l l i o n in Saskatchewan and 1
mil l ion in the Northwest Territories . This number
i s expected to double by the year 2000. While
these numbers are smal l compared with mine
t a i l i n g s in general , uranium t a i l i n g s ha've a

s p e c i a l s i g n i f i c a n c e because of the s m a l l
quantities of radioactive materials they contain.

Over the y e a r s , cons iderable work on the
behaviour of Canadian uranium m i l l t a i l i n g s has
been done by many d i f f e r e n t o r g a n i z a t i o n s with
d i f f e r e n t needs or ques t ions In mind at the time
that the work was done. In. view of the concerns
expressed at several public hearings and elsewhere
in the l a t e 197O's on the p o t e n t i a l problems of •
uranium t a i l i n g s , CANMET considered launching an
integrated research and development program. A
meeting was convened of those in government and
industry involved i n , or sponsoring, research on
uranium t a i l i n g s . As a r e s u l t , the National
Technical Planning Group (NTPG), a group of
experts on uranium mining and proces s ing , was
appointed by CANMET. They were assigned the task
of reviewing present ac t iv i t i es and proposing a
research program structure to define the extent of
the problem.

The group studied present practices of tailings
management, the condition of abandoned tai l ings,
the state of knowledge and understanding about
tailings, and the measures adopted by government
agencies to regulate tai l ings disposal. At the
end of the study (1), the group concluded that:

- although active management schemes are used
to maintain the re leases from inact ive
tailings within regulatory limits, the steps
which must be taken for the safe total
abandonment of uranium tailings have not yet
been demonstrated. There is insufficient
knowledge about the long-term behaviour of
the tailings to state confidently whether or
not there would be a problem. The task,
therefore, i s to d e v i s e appropriate
abandonment techniques based on a better
understanding of the mechanisms of chemical
constituent transport and dispersion.

The NTPG then went on to recommend that:

a) The Federal Government and the governments of
Ontario and Saskatchewan jointly establish a
uranium t a i l i n g s research and development
program with a aajor review to be conducted
at the end of three years to decide on the
need for and nature of a continuation.

b) An independent National Tai l ings Program
Office be established in Ottawa to manage the
program.
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c) The tail ings R&P program consist of three
components:

i) Measurements
ii) Modelling

ii i ) Disposal Technology

A number of objectives were suggested for the
Program, the essence of them being to pull
together the previous work on Canadian uranium
t a i l i n g s , to fund addi t ional work where
significant gaps were found in understanding or in
essential data and to develop a capability to
predict the long-term effects of ta i l ings , such
that decisions could be made on acceptable close-
out procedures. In addition, they recommended
that three tailings areas be extensively studied
and that a national uranium waste management
database be developed. The cost estimate for the
Program suggested by the NTPG was $18.6 million
for the first three years. The Program was to be
reviewed at the end of the three years and
decisions made on the need for, nature and funding
of additional work.

The NTPG did not envisage that the recommended
thre -year program would provide def in i t ive
answt-i s for the ultimate safe disposal of uranium
tai l ings . It did believe that the program would
be instrumental in determining the nature and
extent of the problem of uranium tailings disposal
and would provide a solid information base for
decisions on future research on tailings.

The provinces declined to join in the proposed
Program but the Federal Government decided to
proceed anyway because of the apparent need for
the work. The funds actually allocated were
substantially reduced (from $18.6 to $8.5 million)
because of the non-participation of Che provinces.
Also, the Program duration was increased from
three years to five years to allow for the
practical aspects of the program management plan
chosen. Although the provinces declined to
participate directly, they recognized the need for
research and they have supported the work of the
Program in many practical ways.

The questions commonly raised about uranium
tailings a l l deal with their behaviour over the
long-term and the potent ia l movement of
contaminants through the environment to man. What
these questions reduce to is a question of safety
and how our regulatory agencies will decide, on
behalf of society, how safe is safe enough. Thus,
the question is really one of safety assessment or
risk management on behalf of society. Making
these assessments requires, where possible,
quantitative measures of safety, a term which most
people find difficult enough to define, let alone
quantify. Thus, our processes of safety decision
making must be examined first before we can define
and focus an appropriate research program.

SAFETY ASSESSMENT

- Mha£ t a tt.'!

"Safety A»s«»»«ent". what it is, who should do
i t , and what information is needed is often a
confusing and potentially acrimonious process
because of the complexity and diversity of the
concepts, Issues and points of view involved. A
useful clarification is achieved by defining

safety as a "judgement of the acceptability of
risk" and risk, in turn, as "a measure of the
p r o b a b i l i t y and s e v e r i t y of undesirable
consequences" for any proposed activity. Simply
put, an object or activity is safe if i ts risks
are Judged, to be acceptable.

The word judgement implies chat safety is a
notion in the mind and recognizes that i t is not
an absolute quantity. It is in the mind, not as a
figment of the imagination, because i t is very
real, but as a personal perception or feeling.

The two words, risk and acceptability, cleanly
divide an issue into C«o d i s t i nc t and very
different parts. Risk is a relatively objective,
although probabilistic, concept. Vou can usually
put a number on risk within certain limits and it
can be reduced by design within cer ta in
practicable l imits . The scientist is generally
well trained to study and comment upon risk
because of the objective quantities involved.
Acceptability, however, is subjective and a matter
of indiv idual , personal and social value
judgement. The scientist is generally no better
suited to judge acceptability than anyone else who
has access to the relevant facts in a form that
they can understand. The distinction between the
objective nature of risk and the subjective nature
of acceptability is very important and failure to
appreciate this difference by both scientists and
the public is frequently the source of the
confusion mentioned above.

Making individual and collective judgements on
the acceptability of the risk associated with a
particular activity requires information on three
major aspects: benefits expected, risks involved
and the costs of risk reduction. These are shown
schematically in Figure 1.

FIGURE 1
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The need for information on benefits and risks is
fa i r ly c lear . For example, if there is no
benefit, then why accept any risk if there is a
choice? The netd for information on the costs of
risk reduction arises through the International
Commission on Radiological Protection (ICRP)
system of dose limitation. This philosophy
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suggests that, for an activity to proceed which
will Lead to exposure:

a) there must be a benefit to society
b) exposures should not exceed certain limits,

and
c) exposures should be kept as low as reasonably

achievable, economic and social factors being
taken into account.

The ICRP is an independent body of radiation
health experts. Their work is well respected and
forms the basis for much of the radiat ion
protection regulation around the world, including
Canada.

The principle of optimization implied in (c)
indicates clearly that just staying under the
limits is not enough. Making decisions as to the
extent to which (c), the ^s UJW AS Reasonably
Achievable (ALARA) principle, has "been achieved
requires, among other things, cost-effectiveness
information. (If the same benefits can be
achieved by an alternative route, then the risks
and costs of risk reduction for that route must
also be assessed if a relative judgement is to be
made.)

Program focus

Assessing the benefits and more general safety
issues of uranium mining and the Nuclear Fuel
Cycle is beyond the scope of this program which is
limited to uranium mill tailings. The Program and
the Modelling work in par t i cu la r focus on
quantifying the risks associated with uranium
tailings including the cost-effectiveness of the
various ways of reducing r i sk s . The ideal
situation is to be able to dispose of them In such
a way that perpetual care of any sort is not
required. In essence, the goal is to provide the
fundamental understanding and the tools to
faci l i ta te the quantitative assessment of the
degree to which a "walkaway" situation can be
achieved. The needs of three consticuencies, i.e.
the regulatory authorities, the mining Industry
and the public, are being kept in mind as the work
proceeds.

The principal risk considered is that to the
health of man himself from the potential releases
of radioactive and non-radioactive chemical
contaminants from tailings fac i l i t i es . Other
ecosystem or aesthetic effects may be quite
important in specific situations and certainly
require consideration in any overall assessment.
While the NUTP will point out any such potential
effects that are identified, i ts major effort is
in developing ways of quantifying the behaviorr of
chemical contaminants in the environment and the
associated risk Co man.

The Role oE Modelling

In many endeavours, one can simply design a
system and then measure the results . Thus,
feedback and confirmation of performance are
immediate or, at least, close at hand. In mill
tail ings, however, one cannot do the ultimate
experiment, i.e. measure concentrations or doses
100 or 1000 years into the future. These numbers
are Inaccessible, yet they are the very numbers
needed for decision-making. The only way to
obtain Che necessary quantitative predictions is

by using a mathematical model.. The mathematical
model then becomes the bridge between what can be
done in the laboratory or measured in the fieLd
today, and what one needs to know and assess many
years hence.

Since predictions into the future are required,
"correlative" or "empirical" modelling generally
is not adequate because physical and chemical
processes can change and are not contained
explicitly in the model. Thus, the modelling must
be built upon as much fundamental understanding as
possible and has to account, in a quantitative
way, for uncertainties in this understanding, in
input data and in future events. In this way, one
obtains an assessment of the risks involved and
their uncertainties.

PROGRAM APPROACH

The System

The r e a l sys t em c o n t a i n s many components and i s
very complex comprising a large number of pathways
from Che source back to man. The various
i n t e r a c t i n g processes f i t into four major
ca tegor ies : source behaviour and r e l ea se ,
physical-chemical transport of contaminants,
biological uptake, and consequences such as human
exposures and environmental e f f e c t s . Many
chemical elements are of i n t e r e s t , both
radioactive and non-radioactive, and they can
appear as different chemical species at different
points along the various pathways. In addition,
uncertainties exist in many parameters and further
uncertainties exist in how these parameters will
change with time.

The Approach

Because of this complexity and uncertainty, the
NUTP i s t a k i n g a t w o - l e v e l approach to
mathematical modelling shown schematically in
Figure 2. The approach involves a series of
separace component «ode l s at the detailed
technical level and a simplified system nodel
linking the components together. The component
models are based as much as possible on field and
laboratory observations and contain as much
fundamental understanding as is available. The
system aodel does not attempt to couple the
component models direct ly, but couples instead,
simple models derived from the aggregate results

DEVELOPMENT STRATEGY
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ot Che more complex component models. This
approach provides a very flexible structure which
can easily accommodate changes in parameters and
data. The reduction in complexity also allows
uncertainties to be incorporated into the analysis
through repecitive calculations which examine
different possible combinations of parameter
values.

The diversity and complexity of the real system
make it impractical i£ not impossible to develop
single, generalized component models which will
handle al l possible t a i l i n g s s i tua t ions and
quest ions. Thus, s i t e - s p e c i f i c studies and
predictions by the owners will be necessary in due
course for each tailings site. However, the NUTP
can strive to:

a) provide a sound s c i e n t i f i c basis for
component modelling and develop certain
specific models,

b) provide a methodology and framework ( i .e .
system model approach) for integrating these,
making long-term predictions, and answering
cost-effectiveness questions, and

c) provide a general picture for certain types
of Canadian tai l ings and various disposal
options.

Validation i s an important question. The
component ;uodels can be validated to varying
degrees by direct comparison with observations.
This is less easi ly done for the system model
whose va l id i ty depends primarily on the
completeness and correctness of the component
models and on a high level of computer program
quality assurance in the system modelling itself
to avoid numerical and programming errors. While
the component areas are chosen to be as
independent as possible, they are not totally
independent in the real system and many
i n t e r a c t i o n s e x i s t . S i g n i f i c a n t known
interactions are being Incorporated, of course,
but unforeseen interactions are a constant hazard
and the modelling process has to be particularly
vigilant to ensure that important interactions are
aot overlooked.

The Plan

A simplified plan for the modelling component
is shown in Figure 3. The top stream of generic
system model development and assessment is the
backbone of the modelling work. This is supported
by major blocks of work in Disposal Technology,
Measurements and Component Studies as previously
discussed. The dashed lines on the plan show
feedback from the modelling to the other major
areas . The gener i c model l ing w i l l use
hypothetical s i t e s , but with real i s t ic data
representative of particular tai l ings types and
systems.

Developing a methodology, however, is often not
sufficient to ensure its use. To provide a focus
for application to real systems, the intent is to
apply the approach to Che detailed assessment of
demonstration s i tes as also shown on the plan.
These assessments would be taken to the point of
evaluating the existing situation along with
several alternatives for each 3ite, but neither
decisions nor recommendations would be made as to
the best or preferred way to go since that step is
the prerogative of the s i te owners. The major

field studies of these s i tes play a key role in
this demonstration plan.

Such a demonstration, by those who have an
interest in solving the problems that inevitably
will arise, is seen to be a crucial step in the
successful transfer to industry of the otherwise
relatively theoretical technology being developed.

NUTP - SYSTEM MODELLING PLAN

The Program

The philosophy, approach and plan just
described can be summarized in the following
overall objectives for the Program.

a) Develop the basic understanding of the
chemical and physical processes operating in
Canadian uranium mill tailings necessary for
modelling long-term behaviour. Develop
mathematical algorithms and component models
for these processes and validate where
possible.

b) Develop a system modelling framework to
predict long-term effects and assess the
cost-effectiveness of different options in
reducing those effects. Develop the context
for using this information in decision-
making.

c) Use major f i e l d studies to p i lo t and
demonstrate the methodology, calibrate models
for those specific applications, and confirm
the modelling approach to the extent
feasible.

d) Assemble a uranium mill tailings database and
establish it in a long-term home.

As suggested in the NTPG report, the work to
implement the plan and achieve these objectives is
divided into three project areas: Modelling,
Measurements and Disposal Technology. The
mission-oriented and focussed nature of this
Program has required a high degree of interaction
among the three areas and a fairly selective
approach to the projects and contracts
undertaken.

A Technical Advisory Committee regularly
reviews the technical work of the Program and
provides suggestions to the Program staff on
specific contracts. Program policy advice is
provided by a Program Review Board which is
chaired by the ADM, Research and Technology, EMR.
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T h e P r o g r a m h a s n o w b e e n u n d e r w a y f o r
e f f e c t i v e l y Cwo years and considerable progress
has been made in each area. Preliminary resu l t s
jf the system modelling work are discussed in the
f o l l o w i n g s e c t i o n s to i n d i c a t e the type of
predict ive in format ion the Program aims to
provide.

SYSTEM MODELLING

The g o a l s e s t a b l i s h e d for Che Phase I work on
system modell ing were:

a) to demonstrate a probabilistic assessment
technique, applied to uranium mill tailings,
using off-the-shelf information,

b) to focus primarily on methodology and
meaning with Che emphasis on Chinking about
what approaches and why,

c) to i d e n t i f y t o p i c s needing spec i f i c
attention,

d) to demonstrate sensitiviCy/uncertaincy
analysis techniques,

e) to Identify needs for data and/or basic
understanding.

The approach was to review the available
probabilistic assessment method and select one
for use, define a test problem, carry out a
preliminary assessment and perform a sensitivity/
uncertainty analysis on Che output resulcs. These
and other aspecCs of the investigations are
detailed in the Phase I project report (2).

To s implify the analys is in Phase I, a
hypothetical reference site with several simple
features uas chosen co re f l ec t Che major
environmental pathways pertinent to tai l ings
management on the Canadian Precambrian Shield.
Further, the radionuclides considered were
restricced to radon gas release from Che tailings
surface, radium dispersal with windblown
particulates and dissolved radium transport in
surface water and groundwater.

The basic characteristics of Che hypothetical
reference s i ce are shown on Figure 4. The
t a i l i n g s disposal s i ce occupied a natural
depression formed within the upper reach of a
valley. The tai l ings were contained behind a
conventional s l ightly pervious dam constructed
across the low point. Surface and groundwater
flows from the s i t e were assumed to follow the
valley feature with ultimate discharge to a major
river which flows into a lake. The reference
tail ings s i te was defined to have a surface area
of 50 ha and an average tailings depth of 10 m for
a total volume of 5 x 10" « . The drainage basin
containing the tailings covered 150 ha; the total
area of the drainage basin at the outflow of the
lane equalled 2000 ha.

The reference ca l l ings charac ter i s t i c s
represent those resulting from the acid leaching
of low-grade pyrltic uranium ore containing 0.1 to
0.2 X uranium with 95% recovery efficiency. All
other radionuclides were stipulated to remain with
Che callings. The tail ings were considered to
be neutralized In the mill by lime addition prior
to discharge to the callings areas. Specifically,
the principal characteristics of the tail ings
were: a pardcle size distribution of 502 less

than 75 um; a pyrite content of b.5X; a gypsum
content of 52; and, a radium concentration of 15
Bq.g"1 distributed between the tailings solids and
gypsum.

FIGURE 4

SCHEMATIC ILLUSTRATION
OF WATERSHED SETTING

FOR THE REFERENCE TAILINGS SITE

r WATERSHED
. 1 BOUNDARY

The reference receptor was chosen Co be an
adulc male ( i . e . Reference Man as defined in ICRP
23 (3)) who l i v e s year-round in a cabin on the
lake, shown on Figure 4, some 2 km downwind uf the
reference t a i l i n g s s i t e . The receptor l ived off
the land deriving 50 percent of his food supply
from local sources: eating vegetables and berries
grown or harvested near the residence, eating fish
taken from the lake, and eating game hunted tn the
immediate area. All drinking water was taken from
the lake and consumed directly without treatment
for radium removal.

Assessment of the dose to the r e f e r e n c e
receptor from radon and radium releases from the
reference tai l ings s i t e was undertaken by pathways
analys t s . A s impl i f i ed diagram showing che
pathways selected for investigation in Phase I is
presented in Figure 5. Pathways analysis includes
modelling the mechanisms of radionuclide release
from t a i l i n g s ( i . e . the source), the cransporc of
radionuclides in Che environment (via air or
water), che uptake of radionuclides by local
p l a n t s and animals ( for example, forage or
vegetable crops, animal produce or fish flesh) and
the living conditions or l i fes ty le of the receptor
(the exposed individual in this study).
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PATHWAYS ANALYZED IN PHASE I

Environmental models of such pathways, however,
are only partial representations of real systems
and contain a number of parameters which are
either only imperfectly known or are inherently
variable by nature. Consequently, the results of
a l l such c a l c u l a t i o n s a r e u n c e r t a i n .
Uncertainties also arise when these models are
used to predict effects over conditions and
periods of time dltiecenc from those far vtticlt che
models and model parameters were developed.
(Further uncertainty in modelling future events
arises due to the inability ro predict the future
sequence and magnitude of rare events.) These
uncertainties are most appropriately handled in a
p r o b a b i l i s t i c assessment in which the
uncertainties are reflected in the probability
dis t r ibut ions assigned to the model input
parameters.

Figure 6 i l l u s t r a t e s the concept of a
probabilistic analysis in which uncertainties in
the input parameters are carried through the
models to produce a distribution of possible
output results. The evaluator is thus provided
with a frequency d i s t r ibu t ion of possible
consequences from which informed conclusions can
be reached and decisions can be made.

CONCEPT OF A PROBABILISTIC ANALYSIS

• DEVELOP PARAMETER DISTRIBUTION*

I N P U T DISTRIBUTION* TO MODEL

• PRODUCE « OIJTRItUTON 1' MODEL »*EOICTIONa

PRELIMINARY ASSESSMENT RESULTS

A probabil ist ic assessment was performed for
the reference site and selected pathways using a
preliminary set of component models and parameter
distributions which were considered to be adequate
to demonstrate the feasibi l i ty of Che technique.
Several types of output results were investigated
in the Phase I study. Since the ultimate effect
is the radiation dose to man, this paper focuses
on four output results; the dose arising from each
of the three sources of radioactivity ( i .e . radon
gas, windblown particulates and surface water) and
the total, combined dose of the six pathways shown
on Figure 5.

Results from a probabilistic run of 100 tr ials
are shown on Figures 7 through 10 for the four
output dose estimates. The frequency histograms
shown illustrate the range of calculated doses as
well as the central tendency of the distributions.
Much smoother histograms can be obtained simply by
i n c r e a s i n g the number of t r i a l s in the
probabilistic run. Also shown on the figures are
results labelled nominal which were obtained by
setting a l l parameters at their nominal mean
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The histograms all have a similar skewed shape,
common to the distributions of many parameters
encountered in environmental studies. Most of the
results (dose-to-receptor) are clustered in a
narrow range, with a few found at much higher
levels. Since che dose vta Che air pathways in
particular varies over a wide range (see Figure
7), it is difficult to represent this distribution
adequately on a linear scale. Most of the lower
values are lumped into che first interval and the
true shape of the curve is thus somewhat obscured.
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In contrast, Che discributions for Che radon and
surface water pathways, shown on Figures 8 and 9
respectively, are more clearly defined as the
results vary over a narrower range in both cases.

DOSE VIA RADON PATHWAY
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FIGURE 9

DOSE VIA WATER PATHWAYS
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DOSE VIA WATER PATHWAYS (IO"*Sv/A)

Figure 10 i l l u s t r a t e s the cocal dose Co the
receptor from a l l six pathways modelled. The
typically sk-ved distribution is again apparenc.
Also shown jn Figure 10 are two results obtained
by assigning each of Che input paramecers a
specific (i .e. single) value. The f i r s t value
titled nominal is the value obtained when each of
the parameter values was set at its nominal 'mean"
value as previously noted. The second value
t i t l ed conservative on Figure 10 is the value
obtained when each of the parameters was set it
the nominal value plus or minus one (nominal)
standard deviation. The direction selected was
that which produced the larger dose. The nominal
mean value is clearly in the central part of the
distr ibution where i t would be expected. The
value derived using c o n s e r v a t i v e (but not
tremendously so) parameter values is nearly an
order of magnitude greater than the nominal value
and f a l l s in the uppermost t a i l of the
distribution. This illustrates that compounding
of even moderately conservative assumptions in a
simple model can greatly overestimate the overall
result.

TOTAL DOSE
TO SPECIFIED RECEPTOR
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NOMINAL RESULT • 0.73 a IO"4S»/A I

CONSERVATIVE RESULT • 4.11 IO"*Sv/A

TOTAL DOSE <IO'4Sv/A)

Any attempt to summarize the Information
presented graphically in these figures results in
loss of de ta i l . For Instance, if only the mean
and variance are reported, Chen information
regarding the extreme values of the results is
lose If only extreme values are summarized (i.e.
maximum and minimum) one is left with no idea of
what might be a most probable value. There Is
further disagreement as to whether the arithmetic
or geometric mean is a more valid measure of
cent ra l tendency, given the shapes of the
distr ibut ions. For these reasons, a variety of
descriptive s t a t i s t i c s for the four cases are
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provided in Table L. As indicated by both the
iricnraecic and geometric mean values, the water
pathways contributed the majority of the total
Jose.

Table 1

?rjbabiILsttc Assessment Results: Summary Statistics

Dose to Receptor (mSv/a)

Radon Water Air All
Pathway Pathways Pathways Pathways

ain.

aax.

0.00046 0.0071

0.050 0.47

i n c h , mean 0.0091 0.079

i r i c h . S.D 0.0091 0.055

geoo. mean 0.0057 0.068

geon. S.0. 2.78 1.73

0.

0 .

0 .

0 .

0 .

18

000005
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015
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0012

.1

0

0

0

0

0

1

.033

.48

.10

.058
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.60
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Readers f a m i l i a r w i t h t he a s s e s s m e n t of
r a d i a t i o n In Che environment from uranium m i l l
t a i l i n g s , w i l l r e a l i z e t h a t the p red ic t ed t o t a l
dose Is about as expected for the assumptions made
( i . e . in the order of 0.1 raSv- or 10 mrem per
y e a r ) . Hence i t i s f a i r t o s t a t e t h a t t he
p r o b a b i l i s t i c assessment tool appears to produce
reasonable resu l t s based on the models used.

F u r t h e r a n a l y s e s were a l s o pe r fo rmed to
i d e n t i t y the degree of confidence Chat could be
placed in the resu l t s and how much each parameter
contributed to both the mean value and the spread
of the d i s t r i b u t i o n s . While these analyses are
not discussed here , they o f f e r c o n s i d e r a b l e
information useful in overall decision-making and
in focussing research and Information gather ing
jock.. In add i t ion , the assessments can be r e u n
wi th d i f f e r e n t sub -mode l s f o r d i f f e r e n t
technologies and the r e s u l t s compared to assess
c h a i r r e l a t i v e e f f e c t i v e n e s s in reduc ing
environmental and safety consequences.

CONCLUSION

In I t s f i r s t two year s , the Program has made a
good start towards achieving Its objectives.
Progress in specific contract areas is discussed
in an Lnterla Report on Che Program (4). In
general, the achievements are: geCClng started,
establishing a logical plan, reviewing previous
work and launching new work in most technical
areas, and establishing Che beginnings of a syscem
aodel framework to pull ir al l together for
decision making.

The Program has used about half of i t s
allocated resources but much work remains to be
done. Present resources are being used Co
consolidate the development of the fundamental
understanding and prediccive capabllicy r "".essary
tor che appropriate authorities Co make u -sions
on che long-terra acceptability of various s i te -
specirlc disposal technologies.
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ABSTRACT

A research program has been underway at Che
Brookhaven National Laboratory to Investigate the
release of radionuclides from low-level waste forms
under laboratory conditions. This paper deacribes
the leaching behavior of Cs-137 from two major low-
level waste streams, that Is, ion exchange bead
resin and boric acid concentrate, solidified In
Portland cement. The resultant leach data are
employed to evaluate and predict the release behav-
ior of Cs-137 from low-level waste forms under field
burial conditions.

INTRODUCTION

The Rule 10 CFR Part 61, "Licensing Requirements
for Land Disposal of Low-Level Radioactive Waste,"
promulgated by the U.S. Nuclear Regulatory Commis-
sion, requires either solidification or the use of a
high Integrity container for the disposal of Class B
and C waste such as ion-exchange resins, filter
sludges and evaporator bottoms (1). An important
factor In licensing low-level waste forms for dis-
posal Is the potential for release of immobilized
radionuclides. Portland cement is by far the most
common solidification agent employed by the Indus-
try. In order to evaluate the long-term performance
of cementitious waste forms, it Is important to
determine their leaching behavior, the dominant pro-
cesses controlling radionuclide release, and the
geochentical factors that influence leaching under
field conditions.

This study describes the leaching behavior of
cesium-137 from two major LWR waste streams, that
Is, Ion exchange be?ri resin and boric a d d concen-
trate, solidified in Portland cement. The investiga-
tions Include: (a) Scale-up Study-Simulated waste
forms of varying volume-to-surface area ratios (V/S)
were leached to evaluate the applicability of leach
data based on small-scale specimens to predict radi-
onuclide release froa a full-scale specimen;
(b) Simulated Versus Actual Reactor Haste Study -
Radlonuclide releases were compared for actual reac-
tor waste forms and their simulants in order to test
the validity of studying simulated specimens in lab-
oratory experiments; and (c) Cyclic Leaching Study -
Radlonucllde releases from waste forms subjected to
a range of wet-dry cyclic leaching conditions,
simulating realistic field burial conditions, were
evaluated.

EXPERIMENTAL

Scale-up Study

The test specimens selected for this study were
right cylinders with nominal dimensions (diameter x

height, cm) of 5 x 10, 15 x 15, and 55 x 55 for the
cation-exchange bead resin waste. Corresponding
volume-to-geometric surface area ratios (V/S) for
these specimens were 0.94, 2.52, and 9.10 cm,
respectively. Cation exchange resin/cement test
specimens, loaded with Cs-137, were prepared with a
waste-to-cement (Portland Type I) ratio of 0.6 and a
water-to-ceraent ratio of 0.4 and cured for a period
of 28 days. This formulation was chosen based on
earlier process parameter Investigations which had
established stability regions in terms of the waste
form components (resin, water, and cement) for
obtaining a free-standing solid product (2). All
test specimens were made in duplicate or triplicate
except for the 55 x 55 size specimen which was not
replicated.

Nominal dimensions of boric acid concentrate test
specimens were 5 x 10 and 15 x 15 with corresponding
V/S values of 0.94 and 2.52 cm, respectively. The
boric acid concentrate (12.0 weight percent) was
adjusted to pH 12, spiked with Cs-137, and heated to
77°C prior to solidification In Portland Type III
cement. The ratio of waste-to-cement was 0.7.

The test specimens were leached In deionized
water using a quasi-static IAEA method (3). How-
ever, this method was modified in our laboratory so
that the entire surface of the specimen was in con-
tact with the leachant. Initially, the leachant was
replaced at dally Intervals for the first six weeks,
at weekly intervals for the next six weeks, and fin-
ally at monthly intervals. The leachan; .oluse, v,
was determined by the relationship v/S « 10 cm,
where S represents the geometric surface area of the
test specimen. All leaching tests were conducted at
ambient laboratory temperature (25 ± 5°C).

Simulated Versus Actual Reactor Waste Study

A boric acid waste concentrate sample from a PWR
and a cation-exchange bead resin waste sample from a
BUR, both classified as Class A waste on the basis
of their radlonuclide concentrations, were employed
in this study. Five 5 % 10 size waste forms were
cast for the two waste types and allowed to cure.
Both the PWR boric acid concentrate and the BHR bead
resin wastes were solidified in the manner described
above for simulated waste forms in the Scale-up
study. Except for approximately 60-day curing
required for the solidification of reactor boric
acid concentrate compared with =• 28-day curing for
simulated waste, attributed to the presence of
Inorganic and organic retardants in the former, the
waste forms appeared generally similar co those cast
from simulated wastes. The V/S values for the two
reactor wastes ranged from 0.91 to 0.94 cm. The
leaching conditions were identical co those used in
the Scale-up study.

*Work performed under the auspices of the U.
tfuclear Regulatory Commission.
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Cyclic Leaching Study

The waste forms for these tests were right
cylinders of 5 x 10 size and contained cation
exchange bead resin (IRN-77), loaded with Cs-137,
solidified in Portland Type I cement. Following a
28-day cure period, the test specimen was placed in
a porous medium contained In a column and leached
with deionized water (Figure 1 ) . High density
polyethylene beads (="2 mm in diameter) were selected
as the porous medium on the basis of their Inert
character. The leachant volume for each Immersion
cycle was again determined by the relationship v/S •
10 cm.

—-FRITTED TEFLON SHEET

WASTE FORM

FIGURE 1: SCHEMATIC OF A LEACHING COLUMN USED IN
THE CYCLIC LEACHING STUDY

On the basis of the duration of wet and dry
periods, two types of wet-dry cycle were selected.
For the "constant Immersion period experiments," one
day of wetting was followed by one, four, six, and
20 days of dry periods corresponding to Experiment
Codes B, L, M, and N. A dry period of one day fol-
lowed by three and six days of wetting, correspond-
ing to experiment Codes C and S, was employed for
the "constant dry period experiments." It Is impor-
tant to note Chat dry periods observed in these
experiments do not suggest that the waste form Is
Indeed dry. In actuality, the waste form retains
sufficient moisture from Che preceding rinse cycle
to remain wet. Wet and dry periods In a leaching
cycle simply correspond to unsaturated and saturated
conditions in the porous medium surrounding the test
specimen.

Leachate Analysis

All acidified leachate aliquots were counted
uncll a minimum of 1,000 counts was accumulated in
the "window" set around the Cs-137 photopeak (661.6
keV). Leachate aliquots from some daily, weekly,
and monthly renewal periods were composited prior to
analysis. Incremental and cumulative fractional
releases were calculated using appropriate decay
corrections.

Data Analysis

Incremental fractional release (IFR) and
cumulative fractional release (CFR) of a
radionuclide from a teat specimen are expressed as:

IFR - an/Ao

CFR - Zan/Ao

(1)

(2)

specimen in the incremental leach time, Ao is the
amount of tracer present initially in the specimen,
and Zan/A0 Is the cumulative fraction of tracer
leached In the cumulative leach time. The average
CFR values were normalized for V/S variation in the
test specimens. An initial check as to whether the
release Is diffusion controlled was made on the
basis of plots of CFR versus square root of total
Immersion time yielding a linear relationship.
Effective diffuaivity (De) and incremental leach
rates (Rn) were calculated from the CFR or IFR
data by employing the plane sheet seol-inflnite
solution of the mass transport equation (4).

RESULTS AND DISCUSSION

Scale-up Study

The dominant features that characterize the
cesium release behavior from both the boric acid and
resin bead waste/cement test specimens are the ini-
tial surface-controlled rapid release, followed by
release at a lower rate dominated primarily by dif-
fusion. The diffusion-controlled release can be
further divided into regions, represented by Inflec-
tion points on the release curve reflecting the
effects of the build up of dissolution products on
cesium release kinetics. Suppressed release rates
as the leachant renewal frequency is changed from
daily to weekly to monthly are attributed to concen-
tration effects in the leachant with respect to
cesium (4).

The CFR data for the 5 x 10 size test specimens
were employed to determine effective diffusivity
values on the basis of the relationship:

CFR - 2(S/V) CDe/ir)
l/2(ttn)

1/2 + (3)

where D e (cm /s) is the effective diffusivity; a
(cm) is the Intercept on the CFR-axis, representing
rapid surface-controlled release; and £tn is the
cumulative leaching time.

Since we are only interested in the dominant
rate-controlling mechanism by which cesium is
released froo the test specimen, we disregarded the
Initial rapid release (a) which gives transient high
release rates and is not representative of long-term
release from the bulk matrix and selected the
releas* data based on the dally sampling schedule.
The concentration effects for this leaching schedule
are assumed to be negligible. The cesium release
during this time Interval may be interpreted to
represent conservative cesium release behavior and
used for calculating effective dlffuslvlties and
predicting cumulative fractional releases in a given
time period.

Based on the 5 x 10 size test specimens leach
data, effective dlffuslvlties of 1.9 x 10~ 8 and 1.6
x 10 cm JB were calculated for Cs-137 in boric
acid and resin waste/cement matrices, respectively.
Using these D e values in Kq. (3), we estimated the
CFR from IS x IS and SS x 55 size specimens for two
cumulative leach periods. A comparison of the meas-
ured and predicted cesium release values for both
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Che bead resin and boric acid waste specimens Is
presented In Table 1. For the boric acid waste, the
estimated CFR for the 15 x 15 size specimen based on
small si^e test specimen Is in good agreement with
the measured CFR values. No data are available for
large boric acid waste specimens- However, for Che
bead resin waste specimen, the measured cumulative
fractional release values are generally higher than
the corresponding estimated values. This is also
reflected In the higher diffuslvity values for large
size specimens calculated on the basis of observed
cumulative fractional release. Considering that
other Intrinsic and extrinsic factors i i.'sntribute
to even greater uncertainty in CFR values, we
believe that laboratory time scale leach data
derived from testing of small-scale specimens can be
extrapolated on the basis of V/S as a scaling param-
eter to estimate release from a full-scale speci-
men. In addition, the overall difference in the
calculated dlffusivity values for the test specimens
ranging i" size from 5 x 10 to 55 x 55 do not vary
by more than a factor of two, suggesting that
small-scale specimen leach data can also be employed
to estimate release from full-scale specimens over
long tide periods.

TABLE 1: MEASURED AND PREDICTED CUMULATIVE
FRACTIONAL RELEASE OF Cs-137 FROM LARGE
SPECIMENS OF RESIN AND BORIC ACID WASTE

Nominal
Size

(cm x cm)

Bead Resin
Waste

V/S
(cm)

Cumulative
Leach Time

(Days)

Cumulative Fractional
Releasea

Measured Predicted

15 x

55 x

Boric
Waste

15

55

Acid

2.

9.

52

10

22
120

39
119

15 x 15 2.52

55 x 55 9.10

39
150

39
150

0.11
0.22

0.04
b

0.15
0.25

b
b

0.08
0.19

0.03
0.05

0.14
0.25

0.03
0.06

aMeasured and estimated cumulative release
include initial release.

bWot determined.

Indicated that diffusion is indeed the principal
mechanism of Cs-137 release from reactor waste
specimens. Disregarding leach data representing the
initial, surface-controlled release, effective
diffusivity values of Cs-137 wer* calculated for
both the PWR boric acid and BWR resin waste
specimens and cheir simulants (Table 2).
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FIGURE 2: NORMALIZED CUMULATIVE FRACTIONAL
RELEASE OF Cs ISOTOPES FROM BOTH
REACTOR AND SIMULATED BORIC ACID
WASTE SPECIMENS
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FIGURE 3: NORMALIZED CUMULATIVE FRACTIONAL
RELEASE OF Cs ISOTOPES FROM BOTH
REACTOR AND SIMULATED RESIN WASTE
SPECIMENS

Simulated Versus Actual Reactor Waste Study

The CFR versus leaching time plots for Cs-137 for
the PUR boric acid and the BWR resin bead test spec-
imens are shown in Figures 2 and 3. Also depicted
in these figures are the CFR data for simulated
boric acid and resin bead specimens of similar
dimensions and solidified under Identical condi-
tions. In order to determine whether diffusion was
also the dominant rate-controlling mechanism by
which Cs is released from reactor waste specimens,
we plotted CFR vs t1'2 data for these specimens.
A linear relationship between the two variables

A comparison of Cs-137 release behavior of the
two reactor waste types and their simulated counter-
parts indicates that the calculated diffusivity
values vary by a factor of approximately three, with
lower values observed for the reactor specimens In
both cases. Insplte of the possibility of large
variations in Che reactor waste streams employed in
this study, It is important to note that a general
correspondence exists between the leaching behavior
of the two seta of specimens in terms of cesium
release. As discussed above, the De values based
on small-scale specimen leach data can be employed
to extrapolate the release of Ca from full-size
specimens and over long time periods. Since the
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magnitude of variability In 0 e values for reactor
and simulated test specimens is rather small, it Is
reasonable to assume that Cs-137 leach data derived
from testing of simulated waste specimens can be
employed to evaluate and predict the release behav-
ior of reactor wastes, provided Che specimens are
prepared and leached under Identical conditions.

TABLE 2: EFFECTIVE DIFFUSIVITY OF Cs-137 FOR BOTH
REACTOR AND SIMULATED WASTE SPECIMENS

Waste Type
Effective

Diffuslvitya

(D e cm 2/s)

Reactor Boric Acid Waste
Simulated Boric Acid Waste

Reaccor Resin Bead Waste
Simulated Resin Bead Waste

0.7 x 10" 8

1.9 x to* 8

0.5 x lO" 8

1.6 x 10" 8

Calculated on the basis of semi-Infinite
diffusion model from CFR values based on Che
dally leachant replenishment schedule (5).

Cyclic Leaching Study

Constant Immersion Period Experiments. In a prelim-
inary analysis of leach data for wet-dry cycle
experiments (6), «e reported that Ca release when
considered as a function of actual immersion time
(total length of the wet periods of wet/dry cycles)
remained relatively constant, Irrespective of the
varying lengths of dry periods in a cycle. Addi-
tional experiments were Initiated with longer dry
periods of up to 3 weeks to establish the effect of
extended dry periods on the overall release of
radionuclides.

The leach rates observed for cesium In a given
total Immersion period are greater than chose based
on the IAEA Cest. Furthermore, there is a distinct
trend of Increasing Cs release with increasing
length of dry period in a cycle. As an example,
Figure 4 shows che observed enhancement in the leach
rates of Cs-137 for total Immersion periods of 20,
30, and 35 days as a function of Increasing length
of dry period in a cycle. The leaching modes B, L,
M, and N represent dry periods of 1, 4, 6, and 20
days, respectively, followed by a constant one-day
wet period.

It seems that during the dry period of the leach
cycle the specimen leached surface Is replenished
with cesium, diffusing from che relatively enriched
sub-surface zones, and subsequently released during
the nexc rinse cycle. Such a mechanism for Cs
mobilization and transport In the saturated waste
from during the dry period would explain Che ob-
served enhancement In Cs release with increasing
length of dry period. Additional experiments are
underway to further evaluate the significance of
this process on the overall release of
radlonuclldes.

Constant Dry Period Experiments. In contrast to the
release behavior of Cs under consCant immersion
period experiments described above, we observe a

consistently lower release of the radlonuclid." as
the length of leachant residence time increases.
Considering the cyclic leaching data for variable
wet periods (3- and 6-day wet periods in experiments
C and S) along with the quasi-static and static
leach data reported elsewhere (7), we present cesium
leach rate data as a function of leaching mode
representing Increasing leachant residence time for
25-, 30-, 35-, 40-, and 45-day Immersion periods
(Figure 5 ) . These data show clearly a lower radto-
nucllde release with increasing leachant contact
time, attributed to a saturation effect resulting
from build up of dissolution products due to
decreasing frequency of leachate sampling or
leachanc renewal•
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FIGURE 5: Ca-137 LEACH RATES AS A FUNCTION OF
LEACHING MODE REPRESENTING INCREASING
LEACHANT RESIDENCE TIME

Overall, the leach rate-limiting conditions of
the IAEA leaching cest reflect conservative
estimates of Cs-137 release for short dry-period and
longer wet-period experiments. In contrasc, for
excended dry period experiments, enhanced cesium
release Is observed relative to that based on IAEA
test, representing continuously saturated
conditions.

These results Indicate that radlonuclide releases
observed in the laboratory under continuously
saturated leaching conditions as represented by
conventional leaching tests can be significantly
different from chat observed under anticipated field
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conditions. At least for Cs, we know that extended
dry periods, following an Initial wetting period,
can bring about a significant Increase in the
overall release. On the other hand, solubility-
limiting leaching conditions such as "the bathtub
effect" encountered at Maxey Flats and West Valley
shallow land burial sites tend to suppress radlo-
nuclide release, resulting in lower net releases
compared to those based on the IAEA test.

SUMMARY AND CONCLUSIONS

The results of a scale up study Involving test
specimens consisting of simulated Ion exchange resin
and boric acid concentrate waste solidified in
Portland type cements she' that cesium release can
be represented by a dlffuslonal mass transport
relationship based on a semi-Infinite plane sheet
diffusion model. Knowing the calculated dlffusivlty
for cesium based on small-scale specimen leach data
and using the volume-to-surface area ratio (V/S) as
a scaling parameter, It was possible to estimate
cesium release from large specimens. Comparison of
predicted and observed cesium releases shows
reasonable agreement.

A comparison of Cs-137 release behavior of actual
reactor bead resin and boric acid concentrate wastes
solidified in Portland cement and their simulants
shows considerable similarity In terms of the prin-
cipal •ate-controlling release mechanisms, with dif-
fusion being the domin-Tt process. Considering a
relatively small variability in the effective diffu-
sivlty values of Cs in the two 3ets of specimens, It
can be concluded that leach data based on testing of
simulated test specimens can be employed to evaluate
and predict the release behavior of cesium from
actual reactor ion exchange resIn and boric acid
concentrate wastes.

The results of the cyclic lnaching study indicate
that, for a constant wet period and extended dry
periods, the leach rates observed for cesium in a
given total Immersion time are far greater than
those based on conventional laboratory tests such as
the IAEA test, which represents continuously satur-
ated leaching conditions. The observed enhancement
In cesium release with increasing length of dry
period is believed to be a result of replenishment
of the leached specimen surface with cesium, migrat-
ing from the sub-surface zones, during dry periods
of a .caching cycle. In contrast to the release
behavior of Cs under extended dry periods in a
leaching cycle, consistently lower releases are
observed with increasing length of wet periods In a
leaching cycle. Suppressed radionucllde release
with increasing leachant residence time is
attributed Co a saturation effect which is a result
of decreasing frequency of leachate sampling or
leachant renewal.
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LEACHING PERFORMANCE OF SIMULATED DECONTAMINATION WASTES
SOLIDIFIED WITH MATER EXTENDIBLE POLYESTER RESIN
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ABSTRACT

1J£*Cs and °uCo releases from peroxide bicarbonate
and Turco 4521A wastes solidified with water «xtend-
ible polyester resin have been investigated. Results
show regardless of type of leachanC used, both Cs
and °uCo cumulative releases from peroxide bicarbonate
waste forms were lower than the releases from Turco
4521A samples. In addition, for all wastes radio-
activity releases did not vary significantly with
leachant composition but vere sensitive to the ratio
of exposed surface area-to-volume of waste form
particularly during the Initial leaching period.

INTRODUCTION

Chemical decontamination of CAHDU (CANada Deuterium
Uranium) systems and components is required to reduce
radiation fields and protect personnel during mainte-
nance and operations (1). This produces aqueous
radioactive wastes which will require solidification
prior to disposal. Typical compositions of decontami-
nation wastes investigated in the present work is
given in Table 1.

TABLE 1

CHEMICAL COMPOSITION OF
SIMULATED DECONTAMINATION HASTES

No

1

2

3

Waste

Peroxide
Bicarbonate

Turco 4521A

Alkaline
Permanganate

Composition

^JaBCPj

KMnOH
NaOH

72.0
34.0
20.0

33.0
17.0

30.0
100.0

PH

9.8

4.0

13.0

Initial
Radio-

Activity
In Waste
Fora,

bMCo 250
131fCa 50

D0Co 250
1JHC« 50

ouCo 250
l"*C» 50

Peroxide bicarbonate solutions arc us«d to dissolve
uranium product* whtrtas Turco 4521A it usad to
dissolve iron oxide scales. Alkaline permanganate is
coononly used as tha first stap in a two-stag* decon-
taalnaclon procedure to dissolve chromiua-anrlched
oxide present on corrodad stainless steal
surfaces (2) .Detailed discussion of areas of
application of thase decontamination solutions is
presented elsewhere (3,4).

This paper Investigates the leaching behavior of
peroxide bicarbonate, Turco 4521A and alkaline per-
manganate wastes solidified with water extendible
polyester resin (AR0F0L 661-P) to determine the effect
of radlonuclide type, waste composition, type of
leachant and exposed surface area-to-volume of waste
fora (S/V, cm" 1) on 1 3 HCs and °uCo releases. Esti-
mation of predicted radioactivity releases is also
presented.

EXPERIMENTAL DETAILS

Peroxide bicarbonate, Turco 4521A and alkaline
permanganate solutions were prepared using the
compositions in Table 1.

A total of twelve waste forms were investigated.
These samples were prepared by first adjusting the pH
of each solution to 8.0 using either sulfuric acid or
sodium hydroxide solution. This pH level is necessary
to form an acceptable waste/resin emulsion. Each
solution was then labelled with Lil*Cs (about 50 uCl/L)
and buCo (about 250 uCi/L) prior to solidification
with water extendible polyester resin (WEP AROPOL
661-P, Ashland Chemical Co.) at a waete/VEP ratio of
1:1 (vol/wt). The WEP resin was catalyzed with methyl
ethyl Ketoue peroxide (MEKP) at 32 (wt/wt). All waste
forms ware cured in sealed leaching cups (5.0 cm In
dlaaeter and 5.0 cm high) for seven days at 25 ± 1°C
and 502 relative humidity.

At the end of the curing period the samples were
demolded and divided into three groups each containing
four sampleJ. Members of each group were then leached
in either deionized water (pH • 6.8), tap water
(pH • 8.1) and sodium chloride solution (58S7L,
pB - 6.8). Two types of leaching tests were per-
formed. Half of each group was leached aa proposed by
tha International Atoalc Energy Agency's (IAEA) leach
test aathod (5) and th* second half was leached by the
IAEA static leach test modified by whole body exposure
to laachant. In all casas th* leachant was replaced
dally during the first four days, on the seventh day,
once a week for three weeks, once a month for the
following two months and once avary two and one-half
months thereafter.

Activity levels of 1JltC* and buCo in the leachates
ware determined by y-ray spactrometry using a Canberra
"Scorpio" multichannel analyzer fitted with Nal
datector.

Incraaantal and cumulative releases war* calculated
as proposed by the IAEA standard leach teat method (5)
using th* following aquations:

Incremental Leach Rate "
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Cumulative Leach Rate

and

(2)

Percentage Cumulative Releases « (-7—J (100) (3)
A

Where:

An " activity level at time n, TICJ
A - original activity present in waste form,
V° " volume of waste form, cm3

S - exposed surface area, cm2

l h

An and
decay•

p ,
leachant renewal period, days (d)

not corrected for radioactive

RESULTS AND DISCUSSION

Hater Resistance

Non-active decontamination waste forma were
Immersed ln deionized water for fifteen days to evalu-
ate initial water resistance and chemical stability.
All waste forms with the exception of alkaline per-
manganate waste products maintained acceptable compo-
site integrity. Alkaline permanganate waste forms
exhibited high permanganate releases in this teat and
for this reason were not leached (Table 2).

TABLE 2

PROPERTIES OF SIMULATED DECONTAMINATION WASTES
SOLIDIFIED WITH WATER EXTENDIBLE POLYESTER POLYMER

No

1

2

3

Decontami-
nation

Waste

Peroxide
Bicarbonate

Turco 4521A

Alkaline
Permanganate

Curing
Tlae,
Mln

60

1440

Gel
Tim*,
Min

15

Character-
i s t i c s of
Waate Fora

Hard set ,
dry

Air bubbles
present on

upptr surface

Product failed
to cure

Water
Immersion

Test*

Passed

Passed

Failed

*To pats the wait* fora should not show any visible
deftct during the testing period.

LEACHING PERFORMANCE OF DECONTAMINATION WASTE FORMS

Only wasta forms that passed the water immersion
tast ware laachad ln this work. Cumulative releases
from pHradjustsd paroxlde bicarbonate and Turco 4521A
waste products ln deionized watar (DW), tap watar (TW)
and sodium chloride solution (SCS) ara reported in
Tables 3 - 6 . Thss* data wars obtained at S/V ratio
of 0.19 cm'1 which corresponds to single surface
leaching and at S/V ratio of 1.16 ca~l which corre-
sponds whole body leaching. The effect of parameters
such as radionuclldc type, waste composition, type of

leachant and S/V ratio on waste fjrm leachability is
presented as follows.

TABLE 3

CUMULATIVE FRACTIONAL RELEASES OF 13>fCg AND
60Co FROM PEROXIDE BICARBONATE WASTE FORMS
IN SEVERAL LEACHANTS (S/V - 0.19 cm"1)

Days

1
2
3
4
7

15
21
28
56
78

ISO
204

Deionlzed
WaLar

6.38E-O3
7.90E-03
8.35E-03
9.O4E-O3
1.042-02
1.13E-O2
1.33E-O2
1.4OE-O2
1.606-02
1.74E-O2
1.89E-02
2.01E-02

Tap
Watar

6.25E-03
7.10E-03
7.80E-03
8.12E-O3
9.52E-O3
1.O7E-O2
1.2SE-O2
1.38E-02
1.39E-O2
1.46E-02
1.55E-O2
1.65E-02

Sodlua
Cblorlda
Solution

3.56E-03
4.99E-03
5.77E-O3
6.41E-O3
7.O5E-O3
9.47E-O3
1.06E-02
1.15E-02
1.31E-02
1.32E-02
1.42E-02
1.52E-O2

" C o

DaIonized
Wattr

8.20E-04
1.46E-03
2.12E-03
2.56E-O3
4.54E-03
5.86E-O3
7.8OE-O3
8.64E-O3
1.05E-02
1.14E-02
1.33E-02
1.36E-02

Tap
Water

6.60E-04
l.OtE-03
1.64E-03
1.86E-03
2.90E-03
3.5OE-03
4.72E-03
5.92E-03
7.86E-O3
8.32E-O3
9.38E-03
9.90E-03

Sodium
Chloride
Solution

2.80E-04
5.60E-04
6.6OE-O4
7.60E-04
8.60E-04
1.14E-03
1.46E-03
1.7OE-O3
2.7OE-O3
3.26E-O3
4.64E-O3
5.3OE-O3

TABLE 4

CUMULATIVE FRACTIONAL RELEASES OF 13<>C« AND
60 Co FROM PEROXIDE BICARBONATE WASTE FORMS
IN SEVERAL LEACHANTS (S/V - 1.16 cm'1)

Dayi

1
2
3
4
7

15
21
28
56
78

150
204

13»c ,

Dalonlzad
Watar

1.98E-O3
2.21E-03
2.32E-O3
2.42E-O3
2.48E-03
2.69E-O3
2.79E-03
2.85E-03
2.97E-O3
3.06E-03
3.25E-O3
3.42E-03

Tap
Water

1.58E-O3
1.75E-O3
1.8SE-03
2.00E-03
2.15E-03
2.63E-03
2.91E-03
3.06E-03
3.35E-O3
3.44E-03
3.69E-O3
3.9SE-O3

Sodlua
Chlorlda
Solution

1.44E-O3
1.84E-03
2.05E-O3
2.38E-03
2.63E-03
3.19E-03
3.46E-03
3.61E-O3
3.74E-03
3.77E-O3
3.80E-03
4.75E-03

«°Co

D«lonlz*d
Water

1.65E-04
3.61E-04
4.60E-O4
6.12E-04
7.81E-04
1.21E-03
1.51E-O3
1.65E-O3
I.98E-03
2.08E-03
2.22E-03
2.3OE-O3

Tap
Water

2.02E-04
3.31E-O4
4.10E-04
4.66E-O4
5.92E-04
9.23E-03
1.10E-03
1.30E-03
1.80E-03
1.93E-O3
2.07E-03
2.11E-03

Sediun
Chloride
Solution

2.47E-O4
3.29E-04
3.64E-04
3.98E-04
4.17E-04
4.30E-04
5.59E-O4
6.11E-O4
6.67E-04
7.98E-04
l . l lE-03
1.25E-03

TABLE 5

CUMULATIVE FRACTIONAL RELEASES OF 13*C» AND
e°Co FROM TURCO 452U WASTE FORMS

IN SEVERAL LEACHANTS (S/V - 1.16 ca"L)

Day»

1
2
3
k
7

15
21
28
56
78

150
204

Deloalzed
Watar

1.42E-03
1.951-03
2.67E-O3
3.iSt-03
8.12E-03
1.12E-02
1.16E-02
1.18E-02
1.23E-02
1.25E-02
1.30E-O2
1.32E-O2

Tap
Watar

1.89E-03
2.73E-03
3.80E-03
4.66E-03
8.62E-O3
1.07E-O2
1.22E-02
1.24E-02
1.24E-02
1.2SE-02
1.26E-02
1.27E-02

Sodlua
Chloride
Solution

3.22E-04
3.65E-04
4.O8E-O4
i.ilZ-0*
4.94E-04
5.37E-O4
3.8OC-O4
6.23E-04
6.66E-04
7.09E-KH
7.52E-04
S.81E-04

s»Co

Stlonlzad
W«t«r

1.09E-04
1.55E-O3
2.0SE-03
2.61S-03
6.62E-O3
9.53E-O3
9.8JE-O3
9.96E-O3
1.01E-02
1.O2E-O2
1.04E-02
1.O5E-O2

Tap
Wacar

1.26E-04
1.92E-03
2.98E-03
3.9DE-03
7.84E-O3
9.86E-03
1.12E-02
1.15E-O2
1.19E-O2
1.22E-O2
1.28E-O2
1.30E-02

Sodlua
Chlorlda
Solution

1.02E-O3
1.29E-03
1.S6E-03
1.83B-03
2.LOE-03
2.36E-03
3.01E-03
3.28E-03
3.55E-03
3.82E-O3
4.08E-03
4.35E-03
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TABLE 6

CUMULATIVE FRACTIONAL RELEASES OF I3<tC8 AND
60Co FROM TURCO 4521A WASTE FORMS

IN SEVERAL LEACHANTS (S/V - 0.19 cm"1)

Days

1
2
3
4
7

15
21
28
56
78

150
204

131<C«

Deloniztd
Water

3.61E-O3
5.52E-O3
8.07E-O3
1.06E-02
2.76E-02
5.41E-O2
6.39E-02
6.96E-02
7.76E-02
7.93E-O2
8.10E-02
8.18E-02

T«p
W»cer

4.59E-O3
8.23E-O3
1.65E-O2
2.37E-02
3.A6E-O2
6.06E-O2
7.36E-O2
7.79E-02
8.31E-02
8.45E-02
8.47E-O2
8.51E-O2

Sodium
Chloride
Solution

2.87E-O3
3.58E-O3
3.79E-O3
4.8SE-03
5.O6E-O3
1.21S-02
1.97E-O2
2.6BE-O2
4.8OE-02
5.68E-O2
6.62E-02
6.80E-02

60Co

Oeloniztd
W.t.r

2.60E-03
4.32E-O3
6.92E-O3
9.32E-03
2.35E-O2
3.29E-02
4.15E-02
4.49E-02
4.69E-O2
4.72E-O2
4.94E-02
S.UE-02

Tap
Water

3.60E-03
6.4OE-O3
1.24E-O2
1.76E-02
2.7OE-O2
3.04E-02
6.42E-02
6.56E-O2
6.88E-02
7.O8E-02
7.54E-02
7.56E-02

Sodium
Chloride
Solution

1.24E-O3
1.48E-03
1.58E-03
1.86E-O3
1.96E-03
5.56E-03
8.16E-O3
1.16E-02
1.82E-02
2.22E-02
4.36E-02
5.18E-02

Effect of Radlonucllde

As ahowa In Tables 3-6, regardless of waste compo-
sition, type of leachant and S/V ratio buCo releases
were lower than lJI*Cs releases. Initial buCo releases
from peroxide bicarbonate waste forms leached by
whole body exposure were 1.65 x 10"1* cm (0.02%) in
deionized water whereas 'JI*Cs releases were
1.98 x 10~J cm (0.23%). Under the same leaching
conditions ouCo releases from Turco 4S21A samples were
1.09 x IQ-1 (0.13%) as compared with 1.42 x lO"-1

(0.16%) for iJ*Cs. After 204 days leaching BUCo
releases from peroxide bicarbonate waste products
increased to 2.30 x 10"J cm (0.271) whereas 'JI'Cs
releases increased to 3.42 x 10"J cm (0.40%). The
corresponding values for Turco 4S21A waste forms were
1.05 x lO"-1 cm (1.22%) and 1.32 x 1CT* cm (1.53?),
respectively. The low leachability of 6UCo during the
first four days of leaching may be due to the fact
that buCo species in both waste forms are less soluble
than the corresponding 1Jl*Ca species (6). For this
reason >J<fCs species are washed-off ac a faster rate
than DUCo species.

Effect of S/V Ratio, cm"1

Percentage cumulative releases of 131*Cs and ° Co
from peroxide bicarbonate and Turco 4521A waste
products having S/V ratios of 0.19 cm"1 and 1.16 cm"1

are summarized in Table 7. The data show i Cs and
°°Co releases increased with S/V ratio particularly
during the Initial leaching period. 13 Cs releases
from peroxide bicarbonate and Turco 4521A samples in
deionized water increased from 0.12 to 0.23% and 0.07
to 0.16%, respectively as the S/V ratio increased froo
0.19 cm to 1.16 cm"1. The corresponding releases
after 204 days leaching were 0.39 to 0.40% and 1.57 to
1.53%. 60Co initial releases from peroxide bicarbo-
nate samples were about 0.02% for both S/V ratios and
in the :age of Turco 4S21A waste products these
releases increased from 0.05 to 0.13% as the S/V ratio
was increased from 0.19 cm"1 to 1.16 cm™1. At the end
of the leaching period, 60Co releases from peroxide
bicarbonate waste forms were essentially the same foe
both S/V ratios and in the case of Turco 4521A samples
60Co releases increased only from about 1.0% to 1.2%.
13L*Cs and 50Co releases in tap water and sodium
chloride solutions exhibited similar behavior. The
insensitivity of percentage cumulative releases to S/V
ratio after 204 days leaching indicates rates of
leachant diffusion into single surface leached samples
were essentially the same as those for whole body
leachant waste products.

TABLE 7

PERCENTAGE CUMULATIVE RELEASES OF l5 l>Ca AND e°Co
P10M SOLIDIFIED DECONTAMINATION WASTES

No

1

2

3

Laachanc

Daloaizad Uatar

Tap Uicar

Sodluai Chlorlda

S/V
Ratio

0.19
1.16

0.19
1.16

0.19
1.16

Afur 204 Da/i Laactilng

Paroxld* Blcarboaaca
13*Ca

0.39 ( 0 . 1 2 ) '
0.40 (0.23)

0.32 (0.12)
0.46 (0.18)

0.29 (0.07)
O.SS (0.17)

" C o

0.26 (0.02)
0.27 (0.02)

0.19 (0.01)
0.24 (0.02)

0.10 (0.01)
0.14 (0.03)

Turco 4521A

"*C<

1.57 (0.07)
1.S3 (0.16)

1.65 (0.09)
1.49 (0.22)

1.31 (0.06)
1.43 (0.10)

50Co

9.98 (0.05)
1.12 (0.13)

1.45 (0.07)
1.51 (0.15)

1.00 (0 .03;
1.05 (0 .07)

1 Nuabari In braclcata ara parc«nt«ja cuauUtlva ralaaaai i f tar ch« f l c . t
day of laach in | .

Effect of Waste Composition

1JI*Cs and buCo releases from peroxide bicarbonate
and Turco 4521A waste forma are detailed In Tables 3
through 6. In all cases both 1JltCa and bUCo releases
from peroxide bicarbonate samples were lower than the
releases from Turco 4521A waste products. After 204
days leaching, bUCo releases from peroxide bicarbonate
samples having an S/V ratio of 1.16 en'1 were
2.30 x 10-* cm (0.27%) as compared with 1.05 x 10"J cm
(1.22Z) for Turco 4521A waste forms. The corre-
sponding 13*Cs releases were 3.42 x 10"J cm (0.40%)
and 1.32 x 10~^ cm (1.53%), respectively. The high
releases of *uCo from Turco 4521A samples as compared
with peroxide bicarbonate waste forms point out the
diffusivity coefficient of buCo for Turco 4521A waste
products is larger than the diffusivity coefficient
for buCo for pcroxid* bicarbonate samples. This
behavior Indicates insignificant level of °uCo-cltrate
complex was formed under the experimental conditions.
This complex would have exhibited low permeability
through the cell walls of the water extendlble
polyester resin which would havt resulted in low

Effect of Leachant Composition

Figure 1 compares 131*Cs and 60Co releases from
whole body leached peroxide bicarbonate and Turco
4521A waste forms in deionized water (DW), tap water
(TW) and sodium chloride solution (SCS). This figure
shows I3"Cs and s0Co releases were only slightly lover
in sodium chloride solution than in deionized water or
tap water. The apparent lnscnsltlvity of percentage
cumulative releases to leachant composition rules out
the Importance of exchange reactions between I3"Cs and
60Co in the waste forms and N»+ ions In the leachant.
These reactions would have been expected to enhance
131*Cs and S0Co leachability in sodium chloride
solutions.
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Cs-134 Co-60
TURCD 4S21A

Cs-134 Co-60
PERQX10E BICARBONATE

LEGEND
TW - Top Water
DW - Doionizgd Motor
SCS - Sodium Chloride Solution

Assuming Ontario Hydro will dispose of solidified
decontamination wastes in standard 210 L drums, the
predicted cumulative releases from this size waste
product (lAn/Ag),! can Chen be estimated from
laboratory leaching data using Equation 4. The pre-
dicted releases after 204 days leaching are reported
in Table 8.

This table shows that under the same leaching
conditions, cumulative fractional releases from a
standard drum size sample will be about 8.OX of those
released from laboratory size waste forms.

PREDICTION OF LONG TERM RELEASES

Estimation of the total amounts of 1J<*Cs and ""Co
released from solidified decontamination wastes into
the environment at times much longer than the leaching
period is required to assess disposal options for
Ontario Hydro. A literature survey of long term
leachability of solids revealed semi-infinite diffu-
sion models are commonly used to estimate long term
radioactivity releases (9,10,11). In this work, 'J"Cs
and QUCo releases after 20 and 53 years leaching
period were estimated by a semi-infinite diffusion
model represented by Equation 5.

FIGURE 1: RELEASES FROM DECONTAMINATION WASTE FORMS
(5)

PREDICTION OF l3>*Cs AND 60Co RELEASES
FROM 210 L HASTE FORMS

A literature review of waste form leachability
revealed that the fraction leached from a waste
product (d) Is proportional to its S/V ratio as shown
in Equation 4(7,8).

(4)

In this work I refers to laboratory size specimen
and d refers to drum size waste form.

where D « dlffusivlty coefficient cm'/s
t - leaching period

Estimation of long-tern radioactivity releases was
accomplished by fitting the leaching data in Tables 3,
4, 5 and 6 to Equation 5 to determine the slope. The
slope of each fitted curve was equated to 2(D/TO 1' 2

and the calculated D values were used to calculate
IJ<tCs and ouCo releases after 20 years leaching (10).
A summary of D values for all waste forms is given in
Table 9. This table showa D values were sensitive to
waste composition.

In all leachants diffusivity coefficients of 1J1*Cs
and ouCo In peroxide bicarbonate solids ranged from
1.0 x 10"Y to 5.2 x 10"1J cm7s and 7.0 x 10"1" to

TABLE 8

PREDICTED 131*Cs AND °uCo RELEASES FROM 210 L
WASTE FORMS LEACHED BY WHOLE BODY IMMERSION

Leachant

Deionizcd
Water

Tap Wecer

Sodium
Chloride
Solution

Waste

Peroxide Bicarbonate
Turco 4521A

Ptroxlde Bicarbonate
Turco 4S21A

Peroxide Bicarbonate
Turco 4521A

Experimental Cumulative Releases

a
from Laboratory Samples [T"~-J.

Ao *
i3HCa

3.98E-03
1.53E-02

4.59E-O3
1.48E-02

5.52E-O3
1.43E-02

ouCo

2.67E-03
1.22E-02

2.45E-O2
1.56E-02

1.45E-03
1.O5E-O2

Predicted Cumulative Releases
EA

from 210 L Drum [j-^Jd
o

iJHC«

3.25E-04
1.2SE-03

3.75E-04
1.21E-03

4.S1E-03
1.16E-03

ouCo

2.19E-04
9.98E-04

2.0OE-03
1.27E-O3

1.19E-04
8.60E-04
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Turco 4521A waste products the corresponding D values
were between 6.8 x 1O~ 1 Z to 7.2 x lO" 1* crnVs and
3.7 x 1 0 " w to 8.0 x 10"" 1 c u V s . With the exception
of ' " C s diffuslvlty coefficient for peroxide bicar-
bonate sample In sodium chloride solution It appears
that D values for both 1 J HCs and o uCo were lowest In
sodium chloride solution. No explanation is available
to rationalize the high D value of iJ'*Cs for peroxide
bicarbonate In sodium chloride solution.

DIFFUSIVITY COEFFICIENTS OP JJ*Ca AND o l t o FOR fffCOLE BOOT
LEACHED DECONTAMINATION WASTE FOIHS

laaeh ln f F a c i a l : 204 d«y»

Laachanc

Daloolcad Uac«r

Tap Uacar

Sodlu. Chlorlda
Solution

DlffiuKley Coafflelanta. caVa

Ptroxlda Slcarborata

'"Ca

5.2M-U

6.96E-13

1.01E-L2

""Co

2.361-13

1.99E-13

6.97E-U

Tutco 4321A

"Hto

7. 771-12

7.19E-12

6.75E-12

•"to

4.92E-12

S.OOE-12

3.6SE-12

Percentage cumulative releases of 1J<lCs and °uCo
predicted by Equation 5 after 20 and 53 year leaching
periods are given in Table 10.

TABLE 10

PREDICTED CUMULATIVE FRACTIONAL RELEASES OF 13"Cs
AND 60Co FROM WHOLE BODY LEACHED DECONTAMINATION

WASTE FORMS

DATA SOT CORRECTED FOR RADIOACTIVE DECAY

LEACHING PERIOD: 20 AMD 53 YEARS (THERE LEACHING
PERIODS CORRESPOND TO TEN HALF-LIVES OF l31*Ca and

60Co)

Leachant

Deionized
Water

Tap Water

Sodium
Chloride
Solution

Percentage Cunulative Releases
Peroxide Bicarbonate
13fCs 60,'Co

2.4(3.3) 1.6(2.2)

2.7(3.9) 1.5(2.1)

3.3(4.6) 0.87(1.2)

131
Turco 4521A
Cs SO,'Co

9.2(12.9) 7.3(10.2)

8.8(12.4) 9.3(13.0)

8.5(12.0) 6.3(8.8)

Numbers In brackets are releases after
53 year leaching

The data show that peroxide bicarbonate samples
would retain about 96Z of the original activity after
53 years leaching whereas In the case of Turco 4521A
waste products about 86Z of the original activity
would be retained by the end of this leaching period.
It should be noted that correcting the data for radio-
acelve decay would result in an Increase In the amount
of radioactivity retained by the waste forms.

CONCLUSIONS

1. In all cases both 1Ji*Cs and °uCo cumulative
releases from peroxide bicarbonate waste forms
were lower than releases from Turco 4521A samples.

2. For each decontamination waste, DUCo releases were
lower than 1JHCs releases in all leachants.

3. Radioactivity releases were only slightly influ-
enced by leachant composition.

4. The effect of S/V ratio on waste form leachability
decreased as the leaching period increased.

5. High initial radioactivity releases are caused by
wash-off of contaminated surfaces.

6. In the absence of radioactive decay correction,
waste forms would retain at least 862 of the
original activity after 53 years leaching.
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ABSTRACT

A computerized, atmospheric dispersion, modelling
system has been implemented for use in the Province
of Ontario Nuclear Emergency Plan. The system will
be used, with predicted meteorological conditions
and emissions source term as input, to provide pro-
jections of off-site radiation dose for decision
making. The modelling system contains puff and plume
-cdels for dealing with releases of short and long
duration, respectively, is based on physically sound
models, and is programmed for use on commonly avail-
able microcomputers.

formed the basis for the present iispersicr. .-cdellir.f
scheme. The work of this group followed the earlier
deliberations of the National Working 3roup en At~cs-
pheric Releases of Radioisotopes.(1)

In the following, the criteria used in selecting
the models is discussed. Particular attention is
paid to modelling needs for contingency response,
and to the ways in which models chosen differ frcr.
models used in the past. A brief description of
the computerized modelling system follows. Finally,
the point is made that the accuracy and realism of
dispersion models can be further improved, and sug-
gestions are made regarding possible future model
development.

This paper describes a computerized atmospheric
dispersion modelling system for use in the Province
of Ontario nuclear Emergency Plan. In the unlikely
event of a peacetime nuclear emergency, this Plan
requires that projections of off-site radiation dose
patterns be cade to allow timely decision making
on protective action. Under the Plan, Protection
Action Levels (?AL's) have been established giving
the dose levels beyond which actions, such as shel-
tering or evacuation, are required. A decision
whether to implement these measures must be made
sometime before the PAL itself is reached, because
of the time taker to initiate and complete an action.
Methods of obtaining projections of dose at future
times are therefore required.

An important part of any dose projection scheme
is a means of predicting the transport and diffusion
of emissions by atmospheric winds and turbulence.
Under the Provincial Plan a meteorologist and dis-
persion modeller are part of the Technical Support
Section (TSS) at the Provincial Operations Centre,
which is set up in the event of an emergency to deal
with the offsite consequences. The system described
here has been developed for their use.

'•forking Oroup -*3 (WQUB), composed of experts from
industry and Federal and Provincial agencies, was
formed to advise 'he Ministry of the Solicitor
General, which is responsible for emergency planning
ir. the Province 3f Ontario, on suitable atmospheric
iiseersion aodels. The recommendations of this group

MODEL SELECTION CRITERIA

As pointed out earlier, the primary UFJ of the
atmospheric dispersion modelling system under -he
Provincial Emergency Response Plan is to provide dose
projections based on predicted source term and me-
teorological conditions. However, it is worth men-
tioning other potential applications of systems of
this kind. For example, if some degree of discretion
exists in the timing of releases from containment,
then it may be possible to plan to release under
favourable weather conditions (ie, those that cause
minimum impact) and to hold off during adverse con-
ditions. Model predictions may also be used to infer
source terms from field measurements of radiation
levels.

To be useful for dose projection purposes the
modelling system should meet the following criteria.

(i) The model should be as accurate as possible, (ie,
state-of-the-science within reasonable constraints
on cost and ease of implementation and use). It is
highly desirable to ensure that protective action,
if necessary, is taken in sufficient time to be of
benefit and, conversely, that protective action is
not ordered unnecessarily.

(ii) The models should be able to address any unusual
local topographic and meteorological factors that :nay
affect dispersion patterns, such as lakeshore siting
and complex terrain (valleys, hills).
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espcr.se ti~e.

unlikely event

ensure that it

stem shculi have a sufficientl
Because emergencies are ex-
s, the lesion cf the system
is readily available if and

iv- The system should have reasonable meteorologi-

cal i.-.put data requirements. To be immediately use-

ful., it should be possible to use information from

available ;r.- and off-site instrumentation.

v y.Zrdeliir.z systems should remove any unnecessary

subjectivity or. the part of the modeller. It is

desirable to ensure that there is little probability

3f different modellers using the same system to come

up with very different predictions.

Ither considerations taken into account in deve-

loping the modelling system are listed below.

i; The region of primary interest, for modelling

purposes, is the primary response zone of the

Provincial Plan, which is the area within a 10 tan

radius of the site. It is not anticipated that

immediate protective actions wil.1 have to be taken

rutside of this region.

'11, For continuous releases, required dose averag-
ing times would be -vL hour.

. iiij The planning basis emergency scenario (for
ZAH2V stations! involves a short-term puff release
at the time of the incident, followed at some later
tine by a continuous release (or series of continu-
ous releases) from containment.

iv.i .Releases would occur either from buildin£ vents
or from stacks that are not significantly higher
than adjace.it buildings.

riSFEHSICn MODELS

3ased on the above considerations, two models were
recommended by WG43. A Gaussian puff model estimates
the instantaneous concentration and exposure (time
integrated concentration) due to short duration re-
leases. (1) The corresponding computer code is termed
A;.PUF and was originally implemented by Envirt nment
Canada. The user has the choice of selecting from a
range of sigma schemes, or may input site specific
sigmas. In the absence of the latter the scheme
suggested by 3riggs is recommended (see (2)).
Yamartino's formula is used to describe multiple re-
flections from stable layers above the release height
and from the ground.(3) The expression for instan-
taneous downwind concentration, x(x,y,z,t), for a puff
travelling in the x direction is

exp [-yz .'2ay
2] S( Z,H,L,az)

where i is the release amount, F is a factor to
account for the depletion of the plume by deposition,
•x is the mean wind speed at the release height, t is
time, ox, ay and a, are the standard deviations of
the concentration distributions along the three
coordinate directions and 3 is the factor given by
Yamartino. i.2'

The plume model uses an approach based on simi-
larity theory -.z describe the vertical growth of
the plume. The advantages over a traditional

I-aussiar. approach are discussed briefly beljw.
Gaussian models implicitly assume tr.at the metecrc-
logical variables controlling vertical dispersi:.-.
'wind speed, u, ar.d turbulent eddy iiffusivity, ':'.
dc net vary with height. This assumption is zzzr
in the atmospheric surface layer.'l; In addition,
Gaussian models require the input of ar. atmcspneri:-
stability class, an empirical parameter which is
often difficult to specify with confidence. •'-,;,•;.
Different methods of determining stability class
often give quite different results.

On the other hand, an approach based on Mor.in-
Qbukhov similarity theory has the advantage of
expressing mean meteorological variables (such
as u and K) in the atmospheric surface layer -the
lower part of the atmospheric boundary layer) as
universal functions of the well-defined scaling
parameters; roughness length, friction velocity a.-.c
Monin-Obukhov length. This allows the explicit
treatment of the variation of meteorological
variables with height, and the influence of rough-
ness and atmospheric- stability on vertical iiffus-
sion.(2,7,S>9) The roughness length, z0, as its
name implies, is a measure of the roughness of the
surface and represents the length scale for mechani-
cal turbulence generated in the surface layer?1; ,11'

The friction velocity, u#, represents a measure tf
the surface frictional force of the wind 'ie, the
vertical flux of momentum), and is a velocity scale
characteristic of the mechanical turbulence.

The Monin-Obukhov scaling length, 1, describes
the relative effects of mechanically-and thermally-
induced turbulence. Under unstable conditions its
magnitude may be thought of as the height at which
mechanically-induced turbulence is approximately
equal to thermally-induced turbulence. Above this
height thermally-induced turbulence dominates.'12)

Using similarity concepts, it is possible to
derive expressions describing the rate :f vertical
diffusion. The formula used in the present model was
developed by Var. Ulden as an analytic approximation
to the numerical solution of the advectlor./diffusion
equations with u and K given by the similarity
profiles of Businger.(7,8,12) Good agreement was
found between model predictions and measured ver-
tical profiles, and cross-wind-integrated, ground-
level concentrations.(2,7)

The plume model treats lateral diffusion as
Gaussian, a justified assumption because conditions
are expected to be reasonably homogeneous in the
horizontal. However, rather than basing the lateral
standard deviation, ay, on a stability class, it was
recommended that oy be related to a directly measures,
observable, the standard deviation of wind direction,
0 g, an approach that has been shown to perform sig-
nificantly better, (lit)

The plume concentration Xfx,y,z) can therefore
be given by the following formula:

0-73 3 F
X(x,y,z) = JSZT, ~ a, exp [-;'Q.cy

exp [-y2-'2av
2]

where 3 is now the release rate, u is the mean hori-
zontal velocity of the plume given by the wind speea
averaged over the plume distribution, and : is the
mean height of plume material.
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to be illicit!;- ~er-xr. vith slightly char.ged incu
.Xitpiit is iisplayed or. screen and printer if
able) and also ?ar. be saved in ir. out rut file.

-he plune model has been implemented on computer
sy >.taric Hydro Research Division and is known as
JRE" Continuous Release Dispersion Model). (15)

Wet and dry deposition were treated in both the
puff and plume model using washout coefficient and
source depletion methods, respectively. Because
of the large uncertainty in some deposition para-
meters, (16,17) a facility was provided to obtain
conservative estimates of plume depletion and de-
posited amount, by taking the lowest and highest
deposition velocities, respectively. Radioactive
iecay nay also be treated.

:-S:EORCLOGICAL INPUT

All atmospheric dispersion models require meteoro-
logical input iata. Generally the quality of model
predictions will improve with increasing compre-
hensiveness of input. We do not discuss methods of
obtaining meteorological input in detail here, but
simply give a brief review of the minimum required
input.

To allow CRDM and AQPUF to be run with existing
cn-site instrumentation, u, and L (for CRDM) and
stability class (for AQPUF) may be inferred from
measured wir.d speeds at a known height (nominally
1C m) and solar radiation (which in turn is in-
ferred from latitude, date, time and cloud cover).
(13-20) The parameters,, u and Og may be obtained
directly from a record of wind speed and direction.
;0 can be estimated beforehand for each site of
interest. However, sore direct methods of deter-
mining u, ar.d 1 are available, eg, based on measure-
ment of wind and temperature at two height?, and
vculd be likely to give more accurate model
predictions.(21) Because only short-range transport
is treated, meteorological conditions are assumed
invariant along the plume path.

Projected concentrations, at a particular downwind
point, are highly sensitive to the predicted wind
direction.(22) The uncertainty introduced in this
vay is not treated explicitly in the model. In-
stead, the Provincial Plan requires the: TSS
Meteorologist to estimate a plume variation band,
defined as the angular sector in which the plume
centreline is expected to remain during the projec-
tion period at the 95% confidence level. For
iecision making, plume centreline dose values are
assumed to apply to the entire sector.

MCDEL CODES

AiPUF and CRDM are writien in Fortran ar.d were
originally implemented on an HP1000 minicomputer.
Both model codes are now available for use on I3M
?C compatible microcomputers ar.d are stored as a
3ingie 3ystem on a floppy diskette. The programs
are 'user friendly' and rapid ir. execution (typi-
cally less than 5 seconds). Default values for
essential input parameters are stored in an input
file. Subsequent executions replace these values
with the previous r'in's input, allowing the models

The input information required for, and outp
obtained fror, CRDM and ASF'JF, respectively,
summarized in Tables 1 to -. ".Icte that ir.pu
to CRDM is divided into three categories: si
information; meteorological information ar.d
source term information. Data files contain
prespecified site information for major faci
are stored with the program.

TABLE 1: CRDM (PLUME MODEL) I'.IP'JT

Site Information

riame
Latitude
Source Height
Surface Roughness
Wir.d Measurement Height
Maximum Downwind Distance
User Snecified Points

Meteorology Information

Date, Time
Air Temperature
Cloud Cover
Wind Speed
Standard Deviation ox' '.v'ir.d

Direction

Source Term Information

Radio-iodine Release Rate
Noble Gas Release Rate
Radio-iodine Dry Deposition Velc
Radio-iodine Washout Coefficient

TABLE 2: CRDM (PLUME MODEL) XTPUT

Record of Input Parameters
Calculated Met Parameters u,, and L
Plume Dilution Factors Along Centreline and
at User-Specified Points

Average Height of Plume Material
Lateral Standard Deviation

If Source Term is Specified -

Ground-level Concentrations
Deposited Radio-iodine
Effective Whole Body Dose Rate
Thyroid Dose Rate
Dose Rate from Deposited Radio-iodine

If source term information is r.ct available, ii
tion factors (concentrations for unit input) are
output. However, if source term information ii
entered, ground-level concentrations, effective
whole body iose rates an:, -hyroii loses are also
OUtDUt
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TA3L AQPUF (PUFF MODEL) "IPUT

O a t e , T iae
Wind Speed
Sigma Type
?asquili-Gifford Stability Class
Source Strength (if known!
Mixing Height (if known)
Effective Emission Height
Half-life
Threshold Exposure
Deposition Velocity
Precipitation Type
Washout Coefficient

TABLE h: AQPUF (PUFF MODEL) OUTPUT

Becord of Input Parameters
Instantaneous and Time Integrated Dilution Factors
Puff Dimensions- sigma y and Sigma z

If Source Term is Specified -

Radiation Dose (calculated as for CRDM)
Instantaneous and Time Integrated Concentrations
Deposited Material

j Threshold Crosswind Distances for Time Integrated
Concentrations

Dose conversion factors are based on the Draft CSA
Standard 27288.2. At present, the dose conversion
r.odule deals only with radio-iodines and noble gases,
as these are expected to represent the most serious
radiological hazard. The code can, however, be
readily modified to deal vith other nuclides, if
necessary. The output can also be displayed
graphically, either as isopleths of concentration
or lose, superimposed on a map of the site which
shows response sectors. An example is shown in
Figure 1 for the Pickering site.

FUTURE DEVELOPMENT

While the present modelling system meets many of
the criteria outlined previously, some important
criteria are only partially met. Some areas
fcr potential improvement are listed below.

Site specific phenomena such as the distortion
of atmospheric flows by complex terrain, or the
presence of lake breeze conditions are not ex-
plicitly treated. Predictive wind field/diffusion
models may need to be developed to deal with such
phenomena.

Jood methods of estimating model inputs such as u#

and 1 for low wind speeds (< 2 ms"1) are not
available.

FIGURE 1: ILLUSTRATING PLUME MODEL OUTPUT GRAPHICS.
PLUME GROUND-LEVEL CONCENTRATION CCNTCUB
LINES ARE SHOWN SUPERIMPOSED OS A MAP ;?
THE PICKERING AREA.. RESPONSE SECTORS ARE
INDICATED BY DOTTED LINES.

Highly convective conditions may be better treated
by a parameterization of vertical dispersion
based on the scaling velocity for convective con-
ditions, v,,, and mixing height, z.^.(9,11,12)

The usefulness of models for emergency response
would be considerably enhanced by obtaining an
estimate of model uncertainty under various
meteorological conditions through experimental
model validation studies. This would aid decision
making by giving a quantitative idea of the con-
fidence with which model predictions may be viewed.

CONCLUSIONS

A computerized dispersion modelling system has
been developed for use in the Province of Ontario
Nuclear Emergency Plan. The system is primarily in-
tended for the projection of radiation doses, in
the short-range (< 10 km), for decision making on
protective action. The system is based on physically
sound models and is coded for rapid and easy em-
ployment on commonly available microcomputers.
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RESTART OF THE U.S. SPACE NUCLEAR REACTOR
PCWER PROGRAM*

VINCENT C. TOJSCELLO

Jet Propulsion Laboratory
Cali fornia Inst i tute of Technology

Pasadena. Cal i fornia

ABSTRACT

After a ten year hiatus, the U.S. space nuclear
reactor program Is once again In high gear. In
February 1983. three agencies of the U.S. government
Joined forces to sponsor a space nuclear reactor power
system program known as SP-100.

The program Is now completing I t s Phase I e f for ts
to establish concept f e a s i b i l i t y . I t Is expected that
by la te summer 198S concept f e a s i b i l i t y w i l l have been
established and an RFP (request for proposal) Issued
to industry for the second phase, the ground
engineering system demonstration. That phase w i l l
produce the fabricat ion and test of a reactor and
associated power conversion and heat rejection
subsystem and demonstrate readiness for f l i g h t
application by 1991.

SPACE PCXER PROGRAM

The goal of the SP-100 Program Is to have reactor
power systems used 1n space missions requiring
enhanced power capabi l i t ies . To address th is goal,
three f a n c i e s of the U.S. government have Joined
forces. The three agendas are the Department of
Defense (Strategic Defense I n i t i a t i v e Office (SDIO) -
the Defense Advanced Research Project CDARPA3 was
formerly 1n charge), the Department of Energy (DOE)
(Nuclear Systems), and the National Aeronautics and
Space Administration Office of Aeronautics and Space
Technology (OAST). The lead agency. SDIO, has
delegated Program management responsibil i ty t o the
DOE. They, 1n turn, have selected the team of Jet
Propulsion Laboratory (JPL) and Los Alamos National
Laboratory to Implement the development project. This
development team 1s supported by the Lewis Research
Center, the Oak Ridge National Laboratory, the Hanford
Engineering Development Laboratory, and by a strong
Industry part ic ipat ion.

To meet the goal, the program Is making extensive
and cost-effect ive use of the existing national
resources.

These resources Include the following:

(1) The legacy l e f t by the previous space
nuclear power programs, which anded In 1973;

(2) The considerable data base acepired from
1973 to 1983 1n related technology
development programs such as the fast-
spectrum reactor program (Liquid Metal Fast

*The research described in this paper was carried out
by the Jet Propulsion Laboratory, California
Institute of Technology, under ihe sponsorship of the
National Aeronautics and Space Administration, the
Department of Defense, and the Department of Energy.

(3)

Breeder Reactor), the solar and conservation
programs, and che ongoing space Isotope
power programs, which use radioisotope
thermoelectric generators (RTCs); and

The significant reservoir of experienced
engineering talent In Industry and In
government laboratories.

From this reservoir, we have successfully
reassembled an expert team.

Using this past experience primarily as a
technology springboard, we have set our power system
performance goals significantly higher than was
thought possible 10 years ago (Figure I ) . The higher
goals, of course, require the development of an
extensive amount of new technology. We feel 1t 1s
necessary to develop this technology to assure a
competitive posture against alternative power system
approaches and, most Importantly, to significantly
support the enhancement of this nation's future space
mission ab i l i t i es .

• > 30 W/kg (AT 100 kWe)

• > 7-YEAR FULL POWER LIFE

• < 1/ 3-SHUTTLE CARGO BAY LENGTH (AT 100 kWel

• POWER RANGE 50 kWe TO 1000 kWe IWITHIN ONE SHUTTLEI

FIGURE 1: PERFORMANCE GOALS

The overall schedule of our program is quite
orderly, , ? t aggressive (Figure 2 ) . Wv are presently
completing Phase I e f for ts t o establish concept
f e a s i b i l i t y . By the end of th is technology assessment
and advancement phase (approximately July 1985), we
expect to have convincing evidence that « nuclear
power system can Indeed be developed t o meet the
stringent performance requirements. I strongly
believe we w i l l be able to meet t h i s Important
milestone. The next phase, the ground engineering
systems demonstration, 1s also c r i t i c a l In the pursuit
of our goal. I t s purpose Is to produce technical
readiness and to put the technology largely In place
to allow the th i rd phase, f l i g h t application, to
occur.

During th is f i r s t phase, three power system
concepts are being studied. Our Industry team
consists of three major aerospace companies and
associated nuclear reactor companies. Martin Marietta
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FIGURE Z: THE SP-100 DEVELOPMENT SCHEDULE

Corporat1on/GA Technologies Incorporated Is developing
the thermionic concept. General Electric Company Is
developing the thermoelectric concept, and Rockwell
International Corporation Is developing the Stir l ing
concept. All three concepts use a fast spectrum
reactor with liquid metal cooling. These systea
contractors are supported by a host of subcontractors
performing the detailed work on many of the
subsystems.

There Is no obvious prime candidate among these
three concepts. Each has certain advantages, yet each
poses di f f icul t challenges (Figure 3 ) . Thermionic
systems have had an extensive development history,
although they have never been used In space. These
static converter systems potentially allow graceful
degradation. Another Important aspect fs that only
the fuel and Its clad—which also acts as the electron
emitter—are at high temperature (the highest of any
of the three systems); the remaining parts of the
reactor and cooling loop are at relatively low
temperature (1,000 K). The major challenge, however.
Is that the thermionic converters are Internal to the
reactor core and. consequently, are subject to I t s
severe thermal and radiation environment.

CONCEPTS

THERMIONIC

THERMOELECTRIC

STIRLING

INDUSTRY TEAMS

"MRTIN MARIETTA/
a * TECHNOLOGIES

GENERAL ELECTRIC

9OCKWEU
INTERNATIONAL

ADVANTAGES

• STATIC CONVERSION
• GflACffUL DEGRADATION

POSSIBLE
• lOWrEMPEfiATUtt

REACTOR STRUCTURE •IOOOK>
• EXTENSIVE OEVELOPMENT

f R.0M EARLIER SNP PROGRAM
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• SIZE SCALE UP
• HIGH SPEED MOVING

PART5 -UNPRCVW LtfE TIME
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• GRACEFUL DEGRADATION

NOT PROBABLE:

FIGURE 3: COMPARISON OF CONCEPTS

Thermoelectric converters! on the other hand, are
external to the reactor core. These static converters
have a proven history In previous space f l ights and
have demonstrated long lifetimes (eight years) with
graceful degradation. Because the thermoelectric
cov«rtars are axternal to the reactor core and must
operate at relatively high temperatures (approximately
1,300 K)for acceptable performance, the entire reactor
core and coolant loop must also operate at high
temperatures. Th« greatest challenges posed by
th*rmoe1ectr1cs arc to Improve the conversion
efficiency and reduce the weight and cost of state of
the art converters.

Because the conversion efficiency 1s high. Stir l ing
engines offer the option of providing low reactor
operating temperatures. Thus. If the higher end of
the operating temperature range 1s used (1,000 to 1,150
K). the refractory clad materials would be subjected
to low stresses; I f the lower range In operating
temperature is used (900 tol.OOOK)/ more conventional
materials, such as stainless steel, could tie
considered. In either case, a lower risk reactor
development program 1s expected since dirert use of
tha extensive Liquid Metal Fast Breeder Reactor
technology would be possible. The major challenges.
however, are using high-speed moving parts with
unproven lifetimes and using high-pressure heat
exchangers to transfer the heat from the reactor
coolant to the 2,500-psi (176 kg/sq cm) engine working
fluid (helium).

More recently for completeness* a fourth concept
has been Included for evaluation, although 1t wil l not
be discussed extensively here. Earlier studies have
shown that this fourth concept, the Brayton power
system. Is less attractive than the other three
concepts. The Brayton system would use a reactor
similar to the one used 1n the thermoelectric power
system, but the thermoelectric conversion units would
be replaced by a set of dynamic conversion machines
known as 8 ray ton units. One of these units has
already been built and tested (for approximately
40.000 hours) In the 1970s, thus demonstrating I ts
feasibi l i ty. Rockwell International (one of our
contractors), under i ts own funding, is performing
concept development of the Brayton power system.

Over the last two years, the three primary concepts
have been studied extensively by our industry teams.
Major areas emphasized during the concept definition
phase Include nuclear safety. survivabU 1ty.
performance, growth potential, technology development,
and costs. Prime consideration has been given to user
needs, which provide the top-level constraints on the
evolving design. Potential military and civi l ian
mission applications have been investigated to
determine the effect of the user requirements on the
reactor power system as well as the effect of the
reactor power system on the spacecraft. Results
indicate that this user Interface can be adequately
addressed.

Safety is the primary concern during this phase and
will remain so during all phases. We are stressing
safety, oven during this conceptual phase, because we
want these systems to be Inherently safe through good
design and operational practice. For example, the
reactor power system wil l be launched cold, thus
containing essentially no radioactive Inventory at
launch. The SP-100 system Kil l not be turned on and
operated until 1t achieves a long-lived stable orbit.
Moreover, the system 1s designed to survive the
potentially severe accident environment during the
launch phase without any hazardous consequences. The
ruggedness of the reactor makes intrinsic safety
feasible.

Besides being Inherently safe, nuclear reactor
power systems have Intrinsic hardness to the natural
environment and can operate In the hostile regions of
space against Van Allen electrons, nicrometeoroids,
and space debris. Contractor work fs stressing
survivability act ivi t ies In order to preclude design
features that might produce a weak link and compromise
the system's Intrinsic hardness. The contractors are
also studying the survivabil 1ty of these systems In
the potentially more stressful man-made environment.
Although the nuclear power system, by nature. Is
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significantly harder to this environment than are Its
competitors, design features can be Incorporated—
albeit with a weight or performance penalty—to
produce even greater resi stance to potential man-made
threats associated with military applications of this
technology.

In addition, our contractors have been
exceptionally Innovative and are stressing design
features that support the achievement of our very
difficult performance goals. Design features are
being Investigated that will enable these power
systems to be built and operated at power levels
ranging fran SO to more than 1.000 kWe (kilowatt
electrical) with essentially the same technology.

Prel Itninary estimates Indicate that the specific
performance will Increase from 30 W/kg at 100 Me to
nearly 60 W/kg at 1,000 kWe. A 1,000-kWe power system
win occupy the entire length of the Space
Transportation System cargo bay; a 100-kWe system will
occupy only one-third of the cargo bay. The higher
power levels will necessitate multiple shuttle
launches and on-orbit mating with the orbital transfer
vehicle and mission spacecraft.

Supporting •*«> «»©1wM©ft «V t h e cwvcaptual design
Is an extensive technology development e f f o r t t o
v e r i f y the technical f e a s i b i l i t y of a number of key
design features. I t Is these features that make
possible the predictions of our aggressive performance
goals. Thus, verification of these features Is
essential. The rest of this presentation describes
the key technology-enhancing features of each system
and the progress made toward demonstrating their
feasibility.

THERMOELECTRIC CONCEPT

The major elements of the thermoelectric system
(Figure 4) are (1) a fast-spectrum reactor made of
refractory metal (niobium-zirconium), (2) a shadow
shield that attenuates both neutrons and gammas and
protects the sa te l l i t e electronics from the harmful
radiation emitted by the reactor (lithium-hydride/
tungsten), (3) a pumped heat transport loop that
transfers heat from the reactor to a power conversion
device by means of a l iquid metal ( l i th ium) . (4) a
solid-state power conversion package that transforms
the reactor thermal power to e lect r ic i ty Uanthanum-
sulfide/lanthanum-telluride), and (5) the largest and
most v is ib le component of the system, a waste heat
radiator that dissipates the unconverted energy to
space (beryllium structure with titanium/potassium
heat pipes).

FIGURE 4: THERMOELECTRIC CONCEPT

The key technology Issues for the nuclear
components of the thermoelectric system are (1) the
use of refractory metal fuel pins. (2) the ab i l i t y to
start the reactor 1n space with a frozen (solid)
coolant, and (3) the need for highly e f f ic ient and
lightweight self-actuating thermoelectric coolant
pumps. Although a refractory metal reactor has never
been bui l t , some experience with refractory metal fuel
pins was gained 1n earl ier technology programs and was
used as the I n i t i a l springboard for design. The
earlier data base was Inadequate because of lack of
data 1n the appropriate temperature range and because
of differences 1n the neutron Irradiation spectrum
(thermal vs f a s t ) . In January 1985. a group of fuel
pins was Inserted Into EBR-II (Experimental Breeder
Reactor), one of only two fast-spectrum reactors 1n
the country. Preliminary data from this accelerated
Irradiat ion program was obtained 1n Apr i l . The tests
Indicated no observable deterioration of the pins. As
part of the fuel-pin fabrication, the U.S. technology
to produce uranium-nitride pellets was reestablished.
This was a signif icant accomplishment 1n just a short
period of time. Complementary compatibility
experiments to the In-reactor tests are being
conducted 1n the laboratory on the materials of
construction. The long-term behavior of the
comb! ration of f u e l , C^&&HTKJ> awS coolant ^s feeing
estimated from these experiments and Interpreted by
application to sophisticated l i f e models developed
over the past 10 years.

Because essentially no data exist regarding the
long-term behavior of refractory metals In a fast-
spectrum neutron environment, a series of experiments
1s currently under way to characterize a group of
candidate refractory metals, both before and after
I r radiat ion, for potential deterioration of
properties. One of these important parameter tests,
long-term creep, 1s actually being conducted during
the Irradiat ion cycle. This work also Includes the
characterization of previously Irradiated samples that
have been 1n storage for more than 10 years within
their original Irradiation capsule.

A major concern with the thermoelectric system 1s
the problem of coolant thawout during the I n i t i a l
startup. Although the use of lithium as the coolant
1n the reactor has a number of significant advantages,
we remain concerned by two properties of l i thium: the
fact that 1t Is s t i l l frozen at relat ively high
temperatures (as compared to sodium-potassium, for
Instance) and that 1t expands as I t melts. I n i t i a l
analysis Indicates that 1t w i l l be possible to start
up the reactor, even with frozen lithium In the core,
but this analysis must be confirmed by experiment.
Suoscale mockups of tho reactor core are currently
being prepared for testing to determine the
feas ib i l i ty of this concept.

Th« self-actuating coolant pumps ire also
components that need to >>e •xperimentally ver i f ied .
These pumps extract a portion of the heat from the
coolant and convert this heat to an electromagnetic
motivating fore* by the use of thermoelectric
elements. Experimental versions of these pumps are
currently In fabrication to demonstrate their
feasibility.

The power conversion and waste heat subsystems also
contain key technology Issues that require
verification. The main power conversion Issues are
how to (1) produce an Improved conversion efficiency,
(2) develop a compact, lightweight, low-cost
thermoelectric conversion package, and (3) accomplish
both of the above without sacrificing long-term



20.4

performance stabil i ty. To date, all space nuclear
power systems (all but one are RTGs) have used
thermoelectric conversion. This method has proved to
be highly reliable; In actual space experience
exceeding eight years, only minimum deterioration
occurred. Indeed, such systems degrade quite
graceful7y. However, the use of the technology base
that has been developed for RTGs would result 1n a
power conversion package that 1s too heavy and
expensive. Work Is In progress to Increase the
conversion efficiency by a factor of two and to reduce
the size of the thermoelectric package by a factor of
twenty or more. Some Improvement In efficiency has
already been attained (for example, the negative leg
of the thermoelectric couple has been Increased by 40%
over state of the a r t ) . But much has yat to be done
to get a complete high-performance couple. A design
has al ready been compl eted for a compact
thermoelectric package, and seme of I ts key features
have been experimentally verified. In addition, a
thermoelectric cell containing 25 thermocouples
metallurgically bonded Into a compact assembly 1s
expected to be fabricated and tested within the next
several months. A 100-kWe power system would contain
approximately 8,000 of these cells. Compatibility
analysis and accelerated material diffusion
experiments are under way to verify the long-term
stability of this high-performance design.

The prim .ry features of the waste heat radiator are
the hundreds of heat pipes that uniformly distribute
the heat and a flexible thermal coupler that
Interconnects the fixed and deploy able portions of the
radiator. Although heat pipes have been around for
some time, a unique aspect of these pipes Is their
long length. Confirmation of the performance of these
Mpes 1s being accomplished through analytic models
that are being bench-marked against experiments
currently In process. Heat pipes 2 and 4 m In length
have been fabricated and are now under test. In
addition, an array of smaller pipes 1s under long-term
l i f e testing to confirm the chemical stabil ity of
these devices. The experimental data wil l be used to
bench-mark the chemical stability codes currently
under development for long-term performance
predictions.

The flexible coupler that connects the fixed and
deployable portions of the waste heat radiator Is
another area of concern. This device (a f lexible heat
pipe) must not only be capable of operating at around
800 K, but must also be abl• to band 180 degrees
during stowage and, after deployment, be capable of
conducting the waste heat to the daployable portion of
the radiator. A device that Incorporates all of the
essential features has been designed and fabricated.
Verification analysis and proof-of-concept tasting was
completed 1n May 1985.

THERMIONIC MI0 STIFLING CONCEPTS

The other two power system concepts (thermionic and
Stirling) have many of the same design features and
resulting technological problems as the thermoelectric
system. For Instance, they all contain similar fuels
and use refractory metal cladding, electromagnetic
pumps for haat transport, and haat pipes for waste
heat dissipation. However, there are a number of
features that Introduce a different array of
technological issues. The remainder of this
presentation concentrates on these differences.

Therminnir Cnnrapt

Externally, the thermionic concept looks similar to
the thermoelectric concept (Figure 5) . Both contain a
reactor, a shadow shield, and a large conical waste
heat radiator. However, there Is a major difference™
on the thermionic system* the power conversion package
Is Internal to, and an Integral part of, the reactor.
Thus, the coolant exiting the reactor 1s at the heat
rejection temperature, and the reactor structure and
coolant loops are at a significantly lower temperature
than for the thermoelectric system (1,000 vs 1,350 K),

FIGURE 5: THERMIONIC CONCEPT

The key feasibi l i ty Issue with the thermionic
system deals with the high-temperature operation of
the fuel/emitter/col lector assembly known as the
thermionic converter. A 100-khfe power plant contains
more than 1,000 of these units. Two basic concerns
arise. During the fission process, gases are
generated, causing mechanical swelling of the fuel and
distortion of the thin (0.070-In. [0.178-cm])
refractory metal clad, which also acts as the electron
emitter. Spaced a short distance from the emitter
(approximately 0.02 1n. CO.51 cm]) 1s the electron
acceptor (collector). This very small gap 1s needed
for proper operation of the converter. However, the
mechanical distortion due to swelling can cause this
gap to close and short-circuit the two electrodes, -
thus causing that converter to f a l l . Tests conducted
more than 10 years ago Indicated that this shorting
would occur In less than two years. However, those
converters operated at higher temperature and with
smaller gaps (0.010 In. [0.025 cm]). Converters with
largar electrode gaps hava baan fabricated, and
several are already being tested. The results wil l
help us determine the optimum combination of clad
thickness, operating temperature, and electrode gap to
prevent shorting over the system operating l i fet ime.

The other kay concern with the thermionic converter
Is degradation of the ceramic Insulators. Earlier
tasts Indicated that under neutron exposure the
ceramics used at that time (aluminum oxide) would
swall and crack, lasting lass than two yea's.
However, the Department of Energy fusion gram has
Identified two ceramics that undergo I 1 t t l « or no
swell 1n. Jyttria oxide and y t t r ia alumina garnet).
Mora recently undar the SP-100 Project, an irradiation
capsule 1n storage for the last 10 years was opened 1n
a hot call for examination. This capsule, which had
undergone Irradiation at 1 avals typical of V-i SP-100
environment, revealad that a ceramic Shaath assembly
made of y t t r ia oxide had survived. Currant
experiments are extending this data bass to verify (1)
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that these two ceramics will be compatible with the
cesium vapor that exists In the Intereiectrode gap and
(2) that a sheath Irradiated by neutrons In both a
thermal and an electric field will survive. The
earlier experiment did not test for the electric
f ield.

As an aid In assuring converter lifetime, work Is
under way to Improve the performance of converters
with large electrode gaps. As the electrode gap Is
Increased to account for fuel swell Ing/emitter
distortion. Its performance degrades. To compensate
for this degradation, electrodes better than the state
of the art are necessary (for example, oxygenated
collectors). Work is under way to prove the
feasibility of such high-performing electrodes.

The Stirling system 1s very similar to the
thermoelectric system In that the heat is transported
from the reactor to an external power conversion
package (Figure 6). Instead of 8,000 solid-state
conversion units, the package would consist of four to
five dynamic machines known as free-piston Stirling
engines. The major advantage of the Stirling system
over the other two systems Is its high conversion
efficiency (20* compared to 6-10)5). This allows the
reactor to be quite a bit smaller and to operate at
much lower temperatures (fuel clad temperatures are
300-500 K cooler than thermoelectric and 600-800 K
cooler than thermionics). With these lower
temperatures, the reactor Is significantly less
stressed, and i t nay even be possible (at the lower
temperature) to construct the reactor from more

FIGURE 6: STIR ING CONCEPT

conventional materials ( l i k e stainless steel ) rather
than from refractory metals.

The real unknown 1n such a system is the
performance and l i fe t ime of the dynamic machine. The
key concerns are scale Increase, thermodynamic
efficiency with small temperature differences, dynamic
balance, and l i f e t ime . The largest free-piston
machine bu i l t to date Is 3 kWe. Under the SP-100
technology development program, we are currently
fabricat ing a 25-kWe engine. Many of the parts have
already been completed, and test ing should begin 1n
June 1985. Previous systems have a l l operated with a
large temperature difference between the heater (Th)
and cooler (Tc) of the engine (Th/Tc > 3 ) . In space,
a temperature ra t io less than two 1s necessary to
achieve a reasonable system weight. The test In June
w i l l verify the f e a s i b i l i t y of maintaining high
thermodynamic eff iciency with low-temperature ra t ios ,

Although the concept of hydrostatic bearings has
been demonstrated 1n the laboratory on small machines
(3 kWe), the concept of a self-accuated hydrostatic
bearing has not. This concept should also be v e r i f i e d
In June. Since the free-piston S t i r l i ng Is
essential ly a mechanical osc i l la tor , vibration-induced
motion due to the 100-Hz osc i l la t ion may be a problem
on future s a t e l l i t e s . An experiment was conceived to
demonstrate that th is motion could be t o t a l l y
eliminated through a vibration damper. The experiment
was an unqualified success. Moreover, the 25-kWe
engine is being designed with Inherent dynamic balance
because 1t uses two pistons In 180-degree phase
opposition.

F ina l ly , the question of l i f e t ime is a major
uncertainty. Although the machine has hydrostatic
bearings, very l i t t l e data exist on the long-term 11fe
of a mechanical osc i l l a tor . As part of th is program,
a 3-kWe free-piston machine 1s being tested. As of
the end of April th is machine had been tested more
than 4,000 hours without any deterioration 1n
performance. We expect to have 5,000 to 6,000 hours
of test data by the time of system selection. The
long-term v i a b i l i t y of high-pressure heat exchangers
Is also a concern. Hare we are counting on both
careful and Innovative design practices to minimize
potential leaks.

CONCLUSION

In conclusion, I want to state that the project 1s
vary much on track. Results of the series of
technology f e a s i b i l i t y experiments, expected to ba
completed by the end of June, w i l l s igni f icant ly
Improve our ear l i e r technology data base and provide
us with the Information required to evaluate the three
concepts and select the bast system for further
development. I faal confidant that by the and of th is
phasa wa w i l l hava convincing evidence that a nuclaar
reactor power systam can Indeed be developed to meat
the presently specified performance requirements. We
fu l ly expect to announce concept selection th is f iscal
yaar and ara planning to issua a request for proposal
to Industry on or about October for the design and
development of the ground demonstration system.
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CANDU 300
AN OVERVIEW WITH EMPHASIS ON CONSTRUCT ABILITY

R.S. Hart
ATOMIC ENERGY OF CANADA LIMITED

ABSTRACT
The CANDU nuclear power system is under continu-

ous review by AECL in order to advance the CANDU con-
cept in a manner that will assure competitiveness in both
current and future markets. Over the past three years de-
velopment effort has featured the CANDU 300, a CANDU
nuclear generating station with a net output in the range
of 320 MW(e) to to 380 MW(e).

At the outset AECL recognized that coal-fired power
plants would be the primary competition for the CANDU
300. The CANDU 300 therefore retains inherent CANDU
advantages such as the use of natural uranium fuel and
on-power refuelling, while enhancing capacity factor, re-
ducing man-rem exposure, reducing capital cost, and min-
imizing construction schedules.

AECL believes that the resulting CANDU 300 nuclear
generating station will have substantial appeal to many
utilities, in both developed and developing countries.

The key features of the CANDU 300 are presented
here, with particular attention to the station layout, con-
struction methods, and construction schedules.

1.0 INTRODUCTION
Many aspects of the CANDU 300 including the an-

ticipated market, design requirements, design evolution,
and the station configuration have been discussed in pre-
vious papers and publications. This paper presents addi-
tional detail in several areas. The most novel aspects of
the CANDU 300 relate to the station layout, and it is these
aspects that have resulted in the greatest reductions in
both station cost and construction schedule. These as-
pects are therefore the focus of this paper.

2.0 STANDARDIZATION
A very high level of standardization, facilitated by the

modular nature of the CANDU concept, has always been
a feature of CANDU reactors. Standardization has, how-.
ever, been implemented to an unprecedented degree on
the CANDU 300. For example, all key components includ-
ing reactor coolant pumps, pressure tubes, steam genera-
tors, fuelling machine, pressurizer and fuel are identical to
those now in service in CANDU 600 stations. Similarly, all
reactor and system parameters are essentially identical to
those of operating CANDU 600 stations. Key parameters
are listed in Table 1.

TABLE 1 KEY CANDU 300 PARAMETERS
Number of fuel channels 208
Lattice pitch 28.6 cm
Reflector thickness 70.0 cm
Nominal maximum channel power 6.5 MW
Coolant pressure (at outlet header) 10.0 MPa(a)
Coolant quality (at outlet header) 2.0%
Nominal maximum channel flow 26.4 kg/sec.

There are two principle motives for the high level of
standardization on the CANDU 300. Paramount among
these is capacity factor; high capacity factors are assured
through the use of standard proven components. The cap-
acity factors for the CANDU 300, due primarily to the re-
duced number of components and the extensive operating
experience that will have been accumulated by identical

components at the time the initial CANDU 300 enters ser-
vice, should easily exceed the excellent record of the
current CANDU 600's. Secondly, the desire to make the
CANDU 300 available at the earliest possible date pre-
cluded extensive development activity.

3.0 CONSTRUCTION SCHEDULE
In the design of the CANDU 300 particular attention

was paid to constructability and to minimizing the con-
struction schedule in order to obtain specific capital costs
comparable to large CANDU units as well as generating
electricity at a unit energy cost competitive with coal-fired
stations.

A comprehensive study and review of the construc-
tion practices and construction experience of current and
past projects was completed early in the conceptual devel-
opment of the CANDU 300. This study covered CANDU
nuclear plants, nuclear plants constructed by competitors,
and major non-nuclear projects. This effort resulted in a
very long list of specific things that inevitably lengthened
construction schedules, and a somewhat shorter list of
factors that tended to reduce construction schedules. The
latter are summarized in the list of "principles for mini-
mum construction schedule" presented in Table 2. Each
of these principles, as reflected in the CANDU 300, is dis-
cussed briefly in Section 8.

TABLE 2 PRINCIPLES FOR MINIMUM CONSTRUCTION
SCHEDULE

1 Maximize access for equipment installation.
2 Minimize and simplify Reactor Building internals.
3 Minimize the number of components.
4 Simplify Equipment Installation
5 Do the minimum of "different things".
6 Do each "thing" at the minimum number of locations.
7 Maximize shop fabrication and modulization.
8 Assure flexible construction sequence.

Implementation of these principles in the CANDU 300
has resulted in a design that can be constructed within
42 months (first concrete to full power). A typical mile-
stone construction schedule for the CANDU 300 is shown
in Figure 1.
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FIGURE 1 TYPICAL CONSTRUCTION SCHEDULE

This construction schedule is achieved by utilizing the
various construction activity durations actually achieved
on CANDU 600 stations. Principle factors contributing to
the short construction schedule are the nation layout, re-
moval of the Reactor Building perimeter wall construction
from the critical path, the reduced number of components
to be installed, and the completion of many activities in
parallel. The significance of these factors will be made
more apparent in the subsequent sections.
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4.0 STATION LAYOUT
The CANDU 300 nuclear generating station consists

of five principal buildings and several auxiliary structures.
The distribution of equipment and services among the
buildings is primarily by function. This distribution by func-
tion has been termed ISLANDIZATION; this is illustrated
by the series of Figures 2 through 5.

Figure 2 shows the Reactor Building, a conventional
post-tensioned concrete structure. The Reactor Building
features four steel bulkheads, positioned 90° apart and
located adjacent to the base slab. All umbilicals from the
Reactor Building, ranging from steam and feedwater lines
to instrumentation and electrical supplies pass through
these bulkheads. There are no other penetrations in the
containment structure, except for the airlock.

FIGURE 2 REACTOR BUILDING

The Reactor Building is encompassed by an annular
array of connecting tunnels; this structure (Figure 3),
referred to as the Reactor Auxiliary Building, interfaces
with the other principal buildings and accommodates all of
the connecting umbilicals. The Reactor Auxiliary Building
also houses the Main Control Room, and the Irradiated
Fuel Bay.

FIGURE 3 REACTOR AND AUXILIARY BUILDING

The resulting station layout is shown in Figure 4, and
the corresponding site plan in Figure 5. The principal
buildings of the CANDU 300 are, to the maximum extent
feasible, self contained 'Islands' with the minimum num-
ber of connections to other buildings. The Turbine Hall,
for example, contains all the services necessary to sustain
operation of the Turbine Island, Including the water treat-
ment plant. Significant connections to the other principal
buildings are therefore limited to the steam and feedwater

300

FIGURE 4 STATION LAYOUT

lines (to Reactor Building), the electrical supply lines (to
the Group 1 Service Building), and the turbine-generator
control system wiring (to the Main Control Room).

\CANDU 300

FIGURES SITE PLAN

5.0 THE 2-GROUP APPROACH
Consistent with the Canadian Safety philosophy, all

systems in the CANDU 300 are assigned to one of two
Groups (Groin 1 and Group 2). The systems of each
Group are capable of shutting down the reactor, maintain-
ing cooling of the fuel and providing plant monitoring cap-
ability, in the event that the other Group of systems is
unavailable. Group 1 systems are those primarily dedicat-
ed to normal plant power production. These systems are,
except for certain nuclear class systems within the Reac-
tor Building non-seismically and non-environmentally qual-
ified. Group 2 systems have safety or safety support func-
tions, and are seismically and environmentally qualified.

To guard against cross-linked and common mode
events, and to facilitate the comprehensive seismic and
environmental qualifications of the Group 2 systems, the
Group 1 and Group 2 systems are, to the greatest extent
possible, located in separate areas and utilize diverse
principles of operation.

The Implementation of this 2-Group approach is read-
ily apparent in the CANDU 300 station layout (Figures 4
and 5). All Group 2 services, except for the Group 2 Raw
Service Water System, are totally accommodated within
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the Group 2 Service Building and the Group 2 portion of
the Reactor Auxiliary Building. These structures and all
equipment within them are seismically and environmental-
ly qualified. All Group 1 services are provided from the
Group 1 Service Building, or other Group 1 areas of the
station; the Group 1 areas of the station, except for the
irradiated fuel bay and the main control which is seismic-
ally qualified to a sufficient extent to assure operator sur-
vival, are not seismically or environmentally qualified.

6.0 REACTOR BUILDING ARRANGEMENT
The Heat Transport System configuration has a dom-

inate influence on the internal Reactor Building arrange-
ment. The CANOU 300 Heat Transport System flowsheet
is presented in Figure 6. Although the reactor coolant flow

Steam to turbine

f f Steam generator 1

FeedWoter

" ^ CANDU 300

Pump 1

^ = w
, , „ , Pump 2

Steam to turbine l n l e t

headers

Steam generator 2

- Feedwater

FIGURE 6 HEAT TRANSPORT SYSTEM FLOWSHEET

in this configuration is in the standard CANOU "figure
of 8" pattern, with the heat transport pumps in series
and the coolant making two core passes per cycle, the
equipment arrangement with the pumps and steam gener-
ators at opposite ends of the reactor results in uni-
directional core flow. This feature facilitates single-ended

CANDU 300

SIM* contamminl

fuelling from the outlet side of the core utilizing a stan-
dard CANDU 600 fuelling machine. This layout is further il-
lustrated in the Reactor Building section shown in Figure 7
together with other key Reactor Building features including
the steel containment bulkheads, the simple steel internal
structures, and the steel dousing tank and dome. Other
Reactor Building features are discussed in Section 8.

7.0 REACTOR AND REACTOR AUXILIARY BUILDING
CONSTRUCTION

The Reactor and Reactor Auxiliary Building construc-
tion sequence is illustrated in Figure 8. The first step is
the pouring of the base slab; this is accomplished in a
continuous pour spanning approximately 10 days. The
Reactor Building perimeter wall steel work is then put in
place; this requires approximately 5 days. This steelwork
consists of steel columns at a circumferential spacing of
approximately 6 meters around the Reactor Building cir-
cumference, and the Steel support for the dousing tank
and dome structure. The steel columns which are flush
with the inside of the Reactor Building wall after concrete
is complete, serve as elevating tracks for the slip-forms,
and subsequently provide attachment points for various
internal supports.

-y CANDU 300
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FIGURE 7 REACTOR BUILDING SECTION

FIGURE 8 REACTOR BUILDING CONSTRUCTION SEQUENCE

The Reactor Building walls up to the steam gener-
ator room floor, the Reactor Auxiliary Building walls, the
connecting tunnels, and the Reactor Building internals
up to the steam generator room floor are then poured;
this requires approximately 6 months. At this point in
time the main control room and the Reactor Building
below the steam- generator room floor is ready for equip-
ment installation.
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The concrete structures above the steam generator
room floor are then poured; and the installation of major
equipment and the internal steel structures is initiated.
The remaining Reactor Building wall is slip formed, rela-
tively late in the schedule, and the building is then complet-
ed with the installation of the dousing system and dome.

8.0 IMPLEMENTATION OF MINIMUM CONSTRUCTION
SCHEDULE PRINCIPLES

8.1 Maximize Access for Equipment Installation
The CANDU 300 design provides unprecedented ac-

cess for equipment installation. This feature is of particu-
lar importance to the CANDU 300, which makes extensive
use of prefabricated system and sub-system modules.
The CADD System (Computer-Aided Design and Drafting
System) was used extensively to study construction se-
quences. A comprehensive three-dimensional model of
the CANDU 300 was developed on the CADD system.
Various construction sequences, and different arrange-
ments of buildings and structures were then studied. Fig-
ure 9 hardcopied from the CADD system video display
(actual screen display is in colour) illustrates the installa-
tion of a steam generator. The CAOD system identifies all
clearances and other data pertinent to the steam genera-
tor installation, throughout the installation sequence.

The CADD system permitted the optimization of sta-
tion and building arrangements, building structures,
module identification, installation and sequences and
methods, and the identification of alternate construction
and installation sequences in order to provide a high

CANDU 300

degree of flexibility. A very high degree of confidence in
the construction schedule results from this effort.

The open nature of the CANDU 300 Reactor Building,
in combination with the extensive use of steel floors and
supports further facilitate the use of large prefabricated
system and equipment modules which are a key feature
of the CANDU 300.

8.2 Minimize and Simplify Reactor Building Internals
A review of current Reactor Building internal design

on a worldwide basis indicated that the construction of
the Reactor Building internals is a very lengthy and often
critical path item.

The CANDU 300 therefore adopted a minimum and
relatively simple internal concrete structure that could be
jump formed. The heat transport system arrangement,
which requires major support for the steam generators
and a large reactor vault at one end of the reactor only,
further facilitates a relatively compact structural layout
(Figure 7).

Structural steel is utilized for intermediate floors as
necessary for maintenance and construction, with block
wall and solid precast panels providing shielding and ven-
tilation control as necessary. The CANDU 300 Reactor
Building internals are also designed to readily provide
equipment support, seismic restraint and pipe whip re-
straint in a simple straightforward manner.

8.3 Minimize the Number of Components
Other things being equal, the length of time requir-

ed for equipment is a function of the number of compon-
ents to be installed. Relative to larger CANDU units, the
CANDU 300 has an inherent advantage. For example, half
as many heat transport pumps and steam generators are
required as for the CANDU 600.

A further reduction in the number of components has
been achieved on the CANDU 300. Examples include:
• A large reduction in instrumentation and control wiring

through the use of distributed control, multiplexing and
data highways.

• Adoption of single ended fuelling . Single ended fuel-
ling, made practical by the heat transport system ar-
rangement, eliminates the requirement for one complete
Reactor Building fuel handling system.

8.4 Simplify Equipment Installation
The CANDU 300 greatly simplifies equipment instal-

lation in a number of ways. The construction sequences
for all major equipment was examined, and minor design
changes made where practical to simplify installation. The
fuel channel is a key example of this (Figure 10); the inlet

\ CANDU 300

FIGURE 9 STEAM GENERATOR INSTALLATION FIGURE 10 FUEL CHANNEL INSTALLATION
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end-fitting diameter was reduced so that it would pass
through the calandria tube. This permits shop assembly
of the pressure tube end-fitting assembly and eliminates
the need to make end fitting to pressure tube rolled joints
on the reactor. Other factors that simplify installation in-
clude modularization, generous access, and direct mater-
ial handling routes.

8.5 Do the Minimum Number of "Different Things"
Construction time is minimized when the various con-

struction and commissioning procedures are reduced to a
minimum number of repetitive tasks. Reducing the num-
ber of "different things" to be constructed and commis-
sioned is difficult, particularly when limited to utilizing
proven systems and components. However, advances
were made on the CANDU 300. An example is the use of
standard solid absorber units for zone control in place of
the liquid zone control system. The solid absorber zone
control units can be installed in the same sequence, and
by the same trades as the adjuster and shutoff rods. This
simplifies the testing and commissioning program.

8.6 Do Each "Thing" at One Location
Construction time is reduced if each principal activity

can be centred at a minimum number of locations. The
system and equipment arrangements for the CANDU 300,
illustrated in Figure 7 facilitate this approach. Steam
generators for example are located adjacent to each other
at one end of the reactor (Figure 7). This means that ma-
jor support structures and shielding for the steam gener-
ators is required at one location only, that lifting facilities
for steam generator installation are required at one loca-
tion only, that Group 1 and Group 2 feedwater piping is
provided to one location only, and that steam line sup-
ports are localized along with all other steam generator
specific functions (level measurement for example).

Similarly, the heat transport pumps are located next
to each other thereby centralizing gland supply, cooling
water, electrical, instrumentation and other support ser-
vices. This avoids the need to distribute these services to
different Reactor Building areas, and minimizes mainten-
ance requirements (laydown areas, lifting devices, etc.)

The same applies to a large number of other compon-
ents and functions such as fuelling at one end of core,
and providing feeder temperature measurements at one
end of the core. This philosophy was extended to contain-
ment penetrations for the CANDU 300. All containment
penetrations are localized in four (4) areas of the lower
containment wall, consistent with safety and operating re-
quirements (Figure 2). This simplifies Reactor Building
construction since penetrations are eliminated from the re-
maining wall areas and facilitates installation of services
early in the construction schedule.

8.7 Maximlzt Ut t of Shop Fabricating and Module*
The fact that shop fabrication is much less expensive

that in-place fabrication is well established. Shop fabrica-
tion has the further advantage of reducing the construc-
tion forces required within the station buildings, which is
important since the ability to efficiently accommodate the
construction personnel, particularly during a short con-
struction schedule, is critical.

The CANOU 300 utilizes shop fabrication and modu-
larization extensively. In this context, "shop fabrication"
includes fabrication in on-site shops.

Modules are discrete volumes of the station which
are readily identifiable and suitable for indapendent
assembly. Modulas generally consist of a system or sub-
system which, following fabrication and appropriate test-
ing, is moved into position in a principal on-site building.

An example is the Moderator System. The Moderator Sys-
tem complete with heat exchangers, pumps and electrical
and instrumentation wiring is pre-assembled and moved
into the Reactor Building as a complete unit.

8.8 Assure Flexible Construction Sequence
To assure a minimum construction schedule, the

station design must provide significant flexibility in con-
struction sequence. This is particularly true if there is a
high degree of local supply, a variety of principle contrac-
tors, or restrictions imposed on construction by weather oi
shipping conditions.

The CANDU 300 provides an exceptionally high de-
gree of flexibility in construction. The station layout, with
five separate principal buildings permits the construction
schedule of each building to be taylored to supply, con-
tractual and construction conditions.

There is also a very high degree of flexibility in the
equipment installation sequences. This is provided by the
360° access to all buildings during construction, and by
the layout of internal structures and systems.

As discussed in Section 8.1, the CADD system was
utilized to ensure that construction flexibility was provided
by the CANDU 300 design.

Although not necessary for construction of the CANDU
300, the building and systems layout of the CANDU 300 al-
lows the effective use of an open-top construction method
and very heavy lift (VHL) cranes.

Very heavy lift cranes are being successfully utilized
to reduce the construction schedule for CANDU power
stations. For the CANDU 300 a VHL crane would install
the steam generators, reactivity mechanism deck, pres-
surizer and other major components and modules inside
the Reactor Building. The VHL crane can similarly facili-
tate construction outside the Reactor Building.

9.0 CANDU 300 ECONOMICS
Excluding schedule related costs of escalation and in-

terest during construction, the cost for a CANDU 300 on a
per megawatt basis is approximately 20% greater than
that for a CANDU 600. However, if reduced escalation
and interest costs during construction are credited, the
"irt-p/ace" cost differential is reduced to approximately
5%. Furthermore, if a two unit CANDU 300 station is con-
structed with the in-service dates for the two units ap-
proximately 1 year apart, the cost of the second unit is
reoiiced by approximately 15%; this is due primarily due
to reduced procurement costs, reduced construction man-
agement costs and greater efficiency of both site con-
struction and equipment fabrication, A two unit CANDU
300 station can therefore be constructed for an "in-place"
cost less than that of a single CANDU 600.

The operating cost for the two unit CANDU 300 will
however be slightly greater than for a single CANDU
600; this is mainly due to Increased operating staff
requirements.

The CANDU 300 is also competitive with coal. Figure
11 shows the unit energy costs (mills per kWh) for a typi-
cal 300 MWe (net) coal-fired generating station for a range
of coal prices. Costs are calculated on a 30 year levelized
basis using a real discount rate of 4%. Also shown on
this Figure is the expected feveteed unit energy cost for a
single-unit CANDU 300 nuclear generating station. For the
CANDU 300, the levelized unit energy cost is calculated
over a 30 year operating period (although the initial sta-
tion design life is 40 years), assuming an annual capacity
(load) factor of 80% and a 4% real discount rate.

The intersection of these two curves represents the
"break-even" coal price; that is, the coal price at which
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the levelized unit energy cost of a 300 MWe coal-fired
station is equal to the levelized unit energy cost for the
CANDU 300. Based on this analysis, this "break-even"
coal price is US$45 per tonne. As coal prices ex"*>ad this
value, the CANDU 300 has an increasing comp- ive

advantage over typical 300 MWe coal-fired generating
stations.

10.0 SUMMARY
Standardization and constructability are principle

themes of the CANDU 300 design. As a result, the CANDU
300 nuclear generating station design offers a unique
combination of proven systems and components and
short construction schedule.

Single or multiple unit CANDU 300, stations will
therefore appeal to utilities that are without economic
fossil fuel resources or hydro power, have small or sub-
divided grid systems, that want to optimize cash flow, grid
expansion, generating capacity distribution or operational
flexibility, or that want to develop a nuclear infrastructure
(manufacturing, operations, maintenance, etc.) with a min-
imum capital investment.

The CANDU 300 also offers a highly flexible plant
configuration capable of adaptation to a wide range of dif-
ferent user requirements and sites and provides an eco-
nomically competitive source of electrical generation.
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THE SECURE REACTOR CONCEPTS

CHRISTEN PIND

AB ASEA-ATOM
BOAT S3, S-?Zl<M VXSTERAS

SWEDEN

ABSTRACT

The SECURE light water reactors developed by
ASEA-ATOM are based on simple hydraulic principles that
by law of nature in all conceivable transients and accidents
shut down the reactor and keep the core submerged, cooled
and subcritical without any external action taken by plant
personel or active protection systems such as pumps,
valves or electric power supply. The reactors for heat-only
production covering temperature demands between 100 and
170°C are now ready for the market, and the electricity
producing SECURE-P is under development.

GOALS FOR DEVELOPMENT

In the countries of northern Europe investigations
have shown that more than 60% of the demand for thermal
energy has a temperature demand that Ties befow 2Q0aC.
And the temperature at the final point of consumption is
for the largest part of this energy use well below 100°C as
it is used for room heating. To aim at this energy market
ASEA-ATOM as far back as 1956 started development of a
heat-only producing reactor for district heating purposes.
A heavy water reactor of 70 MWth was built in Agesta, a
suburb to Stockholm and operated very well in the years
1963-73. The low oil prices then made it uneconomical and
it was decided to close down the operation. The heavy
water was sold to Canada. Next year the oil crisis came
and restarted the interest in nuclear district heating. The
first SECURE reactor was designed in the coming years,
but then the TMI-accident aroused the public opinion
against nuclear, so that no nuclear district heating station
could be built in Sweden.

The public opinion after TMI and the costly evolution
of all the safety related systems for the LWR's started a
development at ASEA-ATOM searching for a power reactor
which should be inherently safe or "forgiving" and which
economically could compete with existing LWR's. The
result of this latest development work at ASEA-ATOM is
the SECURE-P (in USA called PIUS) power reactor. The
hydraulic principle which gives the reactor its supreme
safety qualifications is the same as in the other SECURE
reactors. The hydraulic principle makes the reactors ulti-
mate safe against core degradation in all conceivable
transients. Three SECURE reactors have been designed
using this principle.

1. SECURE-LH (Low Heat) with a coolant temperature
of 105°C.

2. SECURE-H with a coolant temperature of 170°C.
3. SECURE-P (Power) for production of electricity.

HYDRAULIC PRINCIPLE

The operating principle of the primary system in
SECURE is shown in Figure 1. The main components are
the following:

The core
The reactor riser
The pool loop inactivation system with the density
locks
The heat exchangers

FIGURE 1 SECURE HYDRAULIC PRINCIPLE

Figure tA shows a vertical pipe which is immersed in a pool
of water. With a heat source in the lower part of the pipe,
water will circulate in a natural mode, as shown by the
arrows. The vertical pipe is the reactor riser immersed in
the reactor pool. The flow in the riser will have such a rate
that the density difference between the pool water and the
riser water balances out the flow-induced losses in the heat
source and the riser.

In Figure IB a recirculation system has been attached
to the upper and lower ends of the riser. If the same flow
rate of water is pumped through the recirculation system as
passes up the riser by natural circulation, no water needs to
go out to or be taken from the pool. If the pump is stopped,
natural circulation through the pool and riser will immedia-
tely begin.

in Figure 1C a heat exchanger has been introduced in
the recirculation system. The connections between the
risers upper and lower ends and the pool have been trans-
formed into so-called density locks with pipe bundles and/or
honeycombs, which provide quiescent stably stratified con-
ditions in the locks. In order to achieve stability, the upper
lock has been turned upside down, so that the lighter hot
water is on top of the heavier cold water. During plant
operation, the primary systern operates at low boron con-
centration and high temperature, and the pool at high boron
concentration and low temperature.
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The heat exchanger (or steam generator) removes the heat
generated in the core. If the recirculation pump is stopped,
natural circulation via the pool will immediately begin,
thereby sending cold water with a high boron content to
the core.

In Figure ID a pressurizer has been added to the system.
With external feeding of the pressurizer with steam, the
pressure in the pool and in the recircuJation loop can be
controlled. By increasing the pressure in the pressurizer, a
high temperature in the recirculation loop can be accepted
without steam being formed in the core or riser.

DISTRICT HEATING

SECURE-LH

This reactor was developed for existing Swedish dist-
rict heating grids with a forward temperature of I00°C.
The recirculation temperatures were 90°C coming into the
core and I20°C leaving the core. For these low temperatu-
res a gas bubble was used in the riser to give sufficient
pressure difference across the core. The hydraulic principle
is therefore as shown in Figure 2. In this figure to the right
is seen the hydraulic behavior in case of a pump trip, which
is the normal procedure of initiating a scram.

FIGURE 2 SECURE-LH HYDRAULIC PRINCIPLE

In Figure 3 the reactor and concrete vessel is shown
with the main components of the internal parts. The water
volume of the concrete vessel is about 1500 m} of borated
water which is sufficient to cover the core and by evapora-
tion carry away the residual heat for more than one week
without external auxiliaries.

The prestressed concrete lid is bolted to the concrete
vessel. Before refueling, the lid is unbolted and rolled away
to give full access to the internals. The upper part of the
internals are loosened, and placed in a special refueling
position in the vessel, so that the whole core is accessible
from above with a refueling machine.

KMndrailnian
now ml*

LovMf.gis lock

Thtrmif water
barrier

FIGURE 3 SECURE-LH REACTOR AND CONCRETE VESSEL

For the low temperatures in SECURE-LH a pressure of
7 bar in the concrete vessel is sufficient and gives a boiling
margin of at least 25°C in the core. Racks for spent fuel are
incorporated in the concrete vessel at the same level as the
core. These racks can contain spent fuel from an operating
lifetime of 30 years, whereby frequent transports of spent
fuel through cities or densely populated areas can be avoi-
ded.

The main data for the SECURE-LH are given in Table
1, and as can be seen it is a very conservative design with
big margins against current LWR-values.

TABLE 1 SECURE-LH MAIN DATA

Reactor power MWth WO
Reactor outlet/ °C 120/90
inlet temperature
Reactor pressure MPa 0.7
District heating °C 100/70
temperature
Number of fuel assemblies 2S8
Active core height mm 1970
Power density in fuel W/gU 15.0
Average/max heat flux W/cm2 30/70
Max linear heat rating W/cm 270
Enrichment, equilibrium % 2.6
Burn up MWd/ton U 29000

The power density of 15 W/gU is about half the power
density in PWRs and two thirds of the value in BWRs. This
means that little of the fission gases in the fuel will be
released in case of a fuel element failure.

SECURE-H

A considerable part of the total costs for a central
heating system lies in the piping system and in the pumping
costs. The pumping costs can be lowered by allowing larger
temperature differences between forward and return water
in the district heating system.
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ASEA-ATO.VI has ir> recent years developed SECURE-
H for distr ict (and industrial) heating systems with a
forward temperature of 150°C. Figure <» shows the main
arrangement of a distr ict heating station incorporating
SECURE-H.

InnrnMdian cooling circuit

Primary cooling circuit

FIGURE it SECURE-H MAIN COOLING SYSTEM

The primary cooling system is connected to the
district heating system via an intermediate cooling circuit
with a pressure higher than the primary system pressure
and with a high boron content in the water so that a leak in
the primary heat exchanger will give leakage from the
intermediate cooling system to the primary side and the
leaking water will add boron to the primary side. Thereby
no active matter will enter the intermediate system and
the district heating system is well protected from radioac-
tivity.

The primary cooling circuit is arranged in a contain-
ment with a pressure-suppression function. The contain-
ment is built together with the prestressed concrete pres-
sure vessel (PCPV) in one monolithic structure. Figure 5
shows the reactor internals and the PCPV.

Main racireulation
pipas with vtnturi
flow limrtan

"Prasfurizar

.Uppar (family

In the penetration for the main recirculation pipes
there are venturi flow lirniters that limit the flow to
acceptable values in the case of a pipe break outside the
pressure vessel. The venturi flow lirniters also have the
function as limiters against overpower, overtemperature and
fow pressure, fn these three cases, the pressure in the high
velocity part of the Venturis will be lower than the boiling
pressure of the water and steam bubbles will form with a
higher pressure drop in the venturi as a result. This higher
pressure drop will decrease the recirculation flow with the
result that highly borated water from the pressure vessel
pool will come into the core and decrease the power.

The upper and the lower density locks are separating
the primary recircuiation water with high temperature and
low boron concentration from the pool water with low
temperature and high boron concentration. But the flow
paths through the density locks are always open to give the
highly borated water access to the core in case of distur-
bances.

The spent fuel storage in the pool can store spent fuel
from a whole lifetime of operatior., thereby rendering highly
active transports during the stations lifetime unnecessary.

The monolithic design of the PCPV and the contain-
ment can be seen in Figure 6.

FIGURE 6 SECURE-H PCPV AND CONTAINMENT

The PCPV has a stainless steel liner on the inside
acting as the leaktight barrier. In the concrete there is
further an embedded membrane of carbon steel forming the
ultimate barrier against leakage. At the upper ridge this
membrane is welded to the liner. In this design there is no
credible way in which the water can be lost except by
evaporation. The leaktightness of the membrane can be
controlled with a venting system outside the membrane.

In the upper part ot the f>CPV as well as in the closure
slab, cooling pipes are embedded behind the liner to protect
the concrete against overtemp«rature.

On the outside of the monolith there is a layer of
graded crushed rock to give the right damping against
earthquakes. The monolith with internals is designed for an
acceleration of 0.3 g.

FIGURE 5 SECURE-H PCPV AND REACTOR INTERNALS
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All the penetrations through the walls of the PCPV
are above the level where the embedded membrane is
welded to the liner. The water level is therefore in all
accident cases at least at this level, when the decay heat
shall be cooled away. The water content in the PCPV
between this level and the core is sufficient to carry away
by evaporation the decay heat for at least one week.

In all normal situations the decay heat is taken either
to the district heating system through the recirculation
system or to the concrete vessel pool through the density
locks in the natural circulation mode. From the pool the
decay heat is taken to a cooling tower through a cooling
system that is normally driven by a circulation pump but
that can operate in a natural circulation mode as well. The
decay heat cooling principles are shown in Figure 7.

The main data for SECURE-H is given in Table 2
from where it can be seen that the core design is very
conservative.

Inherent decay heat dissipation
to the pool water

Long-term cooling by
ditwpatino the hem to
the cooling tower

FIGURE 7 SECURE-H DECAY HEAT DISSIPATION

In this way the reactor core is always kept submerged1

in water and is kept subcritical by the highly borated water
and the decay heat is taken care of.

A section through the district heating station is
shown in Figure 8.

190/150

.MPa
°C

mm
W/gU
W/cm^
W/cm
%
MWd/ton U
°C

2.0
150/70

308
1.845

15
30/60

230
2.5

29000

TABLE 2 SECURE-H MAIN DATA

Reactor power MWth
Reactor outlet/inlet °C
temperature
Reactor pressure
District heating
temperature
Number of fuel elements
Active core height
Power density in fuel avg.
Average/max heat flux
Max linear heat rating
Enrichment, equilibrium
Burn up
Average fuel temperature

For SECURE-LH and SECURE-H computer models
have been made to simulate the reactor under transient
conditions. The calculations verified the pattern that was
foreseen in the design. Accidents have been simulated as
weil, and tor the most severe of these the impact on the
environment has been calculated. The results from these
calculations are found in Table 3.

TABLE 3 SECURE-H AIRBORNE RELEASE

Normal Operation

Annual whole-body dose at fence 0.9 • 10"6 Sv

Accidental

Primary circuit break 115 • 10"'2 Sv
Pipe break in boric acid * • 10-6 Sv
make up system
Fuel handling 2*0 • 10"6 Sv

(Annual natural background 1 • 10"3 Sv)

In the years 1983-8* a study was made of heating the
city of Helsinki, Finland with SECURE-LH and -H.
SECURE was compared with other alternatives for heating
Helsinki namely gas, coalfired ctjgeneration, nuclear power
cogeneration and coalfired heating plants. The result was
very favourable for SECURE. The Finnish Nuclear Safety
Inspectorate has taken a favourable position to this
proposal.

POWER PRODUCTION

SECURE-P. The power reactor

Since 1981 a power producing reactor, SECURE-P is
under development at ASEA-ATOM. It uses the hydraulic
principle earlier described and is known in the US as PIUS,
which is an acronym for Process Inherent Ultimate Safety.
The temperature in the recirculation system has been in-
creased to 290°C and the pressure in the PCPV is 90 bars.

The primary heat exchanger in SECURE-P is a steam
generator which is accommodated inside the PCPV. Feed-
water goes in through the concrete vessel wall and steam
goes out to a conventional turbine- The main arrangement
in the PCPV can be seen in Figure 9.

FIGURE 8 SECURE-H VERTICAL SECTION
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The pressure vessel is made in such a way that the
prestressing tendons also go around the annular closure slab
when this is in place over the water pool. The closure slab
functions like a chest drawer that is piaced under the upper
part of the vessel, which directly takes up the pressure
iorces.

FIGURE 9 SECURE-P VESSEL AND INTERNALS

For refueling and maintenance the closure slab is
rolled away and the core and internal parts can be reached
vertically from a refueling bridge above the pool.

The pool has a diameter of 13.4 m and the vessel
walls are 8-10 m thick, making the vessel as large as the
largest existing concrete reactor vessels. However the
design is considerably simpler than that of the British and
Frensh vessels for gas cooled reactors. The construction of
the SECURE-P concrete pressure vessel lies well within
the capabilities of current technology for prestressed con-
crete structures. This fact has been established in studies
made by two large Swedish companies, both experts and
pioneers in this area of technology*

The pool of borated water is sufficient to by evapora-
tion dissipate the core decay heat for at least a week
before the core becomes uncovered.

The core in SECURE-P is a conservatively designed
LWR core. The power density and the fuel rod diameter are
closely equal to those in modern BWR plants. The operating
principles however are those of a modern PWR plant. The
outlet of the hot channel is kept at saturation conditions.
As the driving force for the core coolant flow is quite low,
the core height will only be about 2 m.

The reactor power is controlled by a suitable amount
of burnable absorbers in the fuel elements and by borated
water that is injected into the primary system from a pump
injection system.

It is ASEA-ATOMs firm opinion that scram rods are
not needed in SECURE-P. The reactor can be shut down in
four ways without scram rods.

By the reactivity control system pumping borated
water into the primary system.

By opening of scram valves which makes pool water
enter the primary system driven by pressure diffe-
rences induced by the recirculation pumps.

By tripping the recirculation pumps, which makes
reactor pool water enter the primary system by natu-
ral circulation.

By reactor pool water entering the primary system due
to core moderator and riser voiding.

The steam generators for SECURE-P will be once
through units with the primary water on the shell side and
with low water content on the secondary side giving good
load following characteristics to the plant.

The recirculation pumps are very close to the same
design as the wet motor pumps employed by ASEA-ATOM in
all of its eleven BWR plants. The pumps for SECURE-P are
in fact considerably less complicated than the pumps of the
most recent AA BWR plants.

The size of SECURE-P is limited by three main
considerations.

Concrete vessel technology

Azimuthal xenon oscillations in cores which have no
control rods.

The desire that the steam producing system should be
modularized and shop fabricated.

At present a modularized version of SECURE-P is
under development. A standard module is of 670 MWt and 1
to 5 such modules can be placed in a concrete vessel to give
electric power outputs from 200 to 1000 MWe. Main data for
a three module plant can be seen in table <>.

TABLE* SECURE-P

Reactor power

Primary temperature outl./inl.
Secondary temperature/pressure
Reactor pressure
FueJ assemblies, number
Rod Arrangement in fuel bundles
Activer core height
Power density
Average heat flux
Average linear heat rating
Concrete vessel

Height
Cavity diameter
Wall thickness
Weight

A horizontal section through a three module plant is seen in
Figure 10.

? MAIN DATA

MWth
MWe
°C
°C/MPa
MPa

mm
W/g UO 2

wWW/cm

m
m
m
tons

3 x 670
- 600

290/260
250/4.0

9.0
3 x89

16 x 16
1970

22
176
180

65
13,1
8-10

100.000
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FIGURE 10 SECURE-P
THREE-MODULE PLANT

HORIZONTAL SECTION IN

The three cores can be rotated on a turntable where-
by they successively can be placed in the refueling posi-
tion. The upper part of the modules (riser-steam generator)
are before that separated from their lower parts (the
reactor proper).

A preliminary cost comparison for a 600 MWe
SECURE-P plant has been made at ASEA-ATOM and
indicates competitive specific costs with a 700 MWe BWR
plant. Further cost evaluations are in progress at ASEA-
ATOM.

It is believed that with SECURE-P competitive with
other LWRs in terms of cost, availability and maintainabi-
lity, its inherent safety features should give it a great
possibility to get a share of the returning market for
nuclear power stations.
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THE MAPLE-X CONCEPT DEDICATED TO THE PRODUCTION OF RADIO-ISOTOPES

W. HEEDS

AECL Research Company
Chalk River Nuclear Laboratories

Chalk River, Ontario

ABSTRACT

MAPLE is a versatile new Canadian multi-purpose
research reactor concept that meets the nuclear
aspirations of developing countries. It is planned
to convert the NRX reactor at Chalk River Nuclear
Laboratories into MAPLE-X as a demonstration
prototype of this concept and thereafter to dedicate
its operation to the production of radio-isotopes. A
description of MAPLE-X and details of molybdenum-99
production are given.

INTRODUCTION

MAPLE is a new Canadian multi-purpose reactor
concept (1) resulting from an in-depth review by
Atomic Energy of Canada Limited (AECL) to determine
the role played by research reactors in national
nuclear development. A research reactor business
opportunity has been identified and a business
organization is now in place to develop this
opportunity.

The MAPLE (Multipurpose Applied Physics I.attice
Experimental) concept is, in essence, an
open-tank-type reactor assembly within a light-water
pool. Its purpose is to combine the characteristics
of an H20-cooled and moderated, enriched (MTR-type)
reactor with the technical advantages of using D20
as a reflector. This is achieved by utilizing a
variant of AECL's SLOWPOKE (2) technology in
combination with a scale-down and simplification of
the basic NRX concept. (3)

AECL is a world leader In the supply of
radio-isotopes for both nuclear medicine and
industry; the primary production sources being the
CANDU reactors, for medium specific activity
cobalt-60, and the HRU and NRX research reactors, at
Chalk River Nuclear Laboratories (CRNL), for the
majority of the rest. However, the demands made by
isotope production on operating schedules are often
in conflict with the requirenents of research and
development programs for the NRU and NRX reactors; a
situation that will be aggravated when the NRX
reactor is retired in 1987.

It is planned to replace NRX with a reactor called
MAPLE-X that can be dedicated to the production of
radio-isotopes following demonstration of the MAPLE
concept as a multi-purpose reactor.

The intent is to replace the NRX calandria with an
open-tank, pool-type, prototype MAPLE reactor
utilizing as many of the NRX reactor utilities as is
economically practical. Thus MAPLE-X would serve the
dual role of demonstration reactor and primary
supplier of radio-isotopes.

The purpose of this paper is to describe MAPLE-X
and to define a mode of operation for it as a
dedicated Isotope production facility (DIPF) that
meets AECL fUdiochemical Company's projected

requirements for fission product Mo-99 from 1988 into
the next century. This isotope is the source of one
of nuclear medicine's most powerful diagnostic
isotopes Tc-99m and over 60% of the world market for
this product is currently supplied from the NRU
reactor. The Mo-99 fission product is extracted
chemically from irradiated U-235 targets.

Technical and economic considerations dictate that
any changes to established CRNL methods for U-235
target manufacture and post irradiation processing be
kept to a minimum. Operation as a DIPF requires that
the ratio of target power to reactor fuel power be
maximized. Together these translate into MAPLE-X
using a minimum practical critical mass of driver
fuel, and U-23S targets, similar to the NRU design,
placed in the highest neutron flux available at a
reactor power level of around 10 MW. Details of the
U-235 targets and outlines of both the initial and
equilibrium MAPLE-X core loading are described. The
results of reactor physics simulations using the
3-dimensional diffusion code 3DDT (4), together with
a 5 neutron energy group cross section library
derived from WIMS (5), are given. These simulations
are used to estimate optimum Mo-99 production based
on the assumption of a 100Z reactor duty factor.

DESCRIPTION OF MftPLE-X

General

The basic MAPLE reactor concept consists of an
open-tank-type reactor assembly within a light-water
pool as shown in Figure I.

FIGURE 1: MAPLE SCHEMATIC OUTLINE
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The reac tor assembly cons i s t s of three pa r t s : the
i n l e t plenum, the ca landr ia assembly and the chimney.
The l igh t -wate r primary coolant enters the plenum,
flows upwards through the ca landr ia assembly and
e x i t s from the chimney via an o u t l e t nozzle- The
ca landr ia assembly Is a c y l i n d r i c a l zirconium-alloy
vesse l penetrated by v e r t i c a l flow tubes and
hor i zon ta l beam tubes . The arrangement for MAPLE-X
i s shown in Figure 2.

EXPERIMENTAL
SITE \

OUTER FUEL
SITES

ISOTOPE
SITES

BEAM PORT

FIGURE 2: MAPLE-X CALANDRIA ARRANGEMENT

The vertical flow tubes are arranged to define
three regions within the calandria:

° a central H20-cooled, H20-moderated core region
° an intermediate l^O-cooled, D20-moderated core
region

' an outer D20-filled reflector region

This combination of H2O and D2O moderated
lattices within a D2O calandria tank enables the
MAPLE concept to achieve the flux advantages of a
basic H20-cooled and moderated reactor while
retaining the flexibility and space of a NRX-type
reactor.

The MAPLE-X concept is to put a MAPLE core,
suitable for isotope production, into a pool created
in the NRX biological shields by lining the cavity
left when the NRX calandria and upper shields are
removed.

Inlet plenum

The inlet plenum is a cylindrical stainless steel
vessel 1.8 m diameter by 1.2 m high. The plenum i =
fixed at its base to the bottom of the pool liner.
Loads from the outlet chimney and calandria vessel
are transmitted through the plenum wall and into the
pool liner.

The plenum serves as a coolant header with two
0.3 m diameter nozzles on the lower part of the
plenum providing connections to the primary heal
transport system.

Calandria Vessel

The calandria vessel is an annular, cylindrical,
heavy-water filled, zirconium alloy vessel 1.3 m
diameter by 0.8 m height. The Inner annular wall of
the vessel is in the shape of an elongated hexagon
with fluted sides that penetrate and are welded to
10 mm thick upper and lower tube sheets. The central
cavity thus formed is the boundary of the central
core region which can accommodate 29 flow tubes on a
hexagonal pitch of 80.1 mm.

Surrounding the central core region are 14
cylindrical flow tubes, 60 mm inside diameter, which
penetrate directly through the calandria and are
attached to the upper and lower tube sheets. They
form the intermediate core region and are located on
a hexagonal pitch of 160.3 mm.

A number of flow tubes with large radius 90 degree
bends are attached to the upper tube sheet, outside
the chimney, and to the outer shell wall. These
positions, which are cooled by natural circulation of
pool water, are non-fuel irradiation sites in the
D2O reflector region.

Outlet Chimney

The chimney assembly consists of a hollow
elongated hexagonal structure welded to a 1.8 m
diameter tube sheet. The chimney is a minimum of
0.8 m across the flats and is 2.6 m high.

Two 0.3 m diameter nozzles located about 1.2 m
above the chimney tubesheet are provided for the
connection of the primary heat transport piping. The
chimney confines the upward flow of coolant from the
core region, collects a downflow from the pool
equivalent to the core bypass flow, and directs the
mixture to the primary heat transport system for
purification and recirculation, thereby suppressing
N-16 gamma levels at the pool surface.

Near the top of the chimney, brackets and guides
are attached for guiding and locating the reactivity
control mechanisms.
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Fuel Assemblies

Three types of fuel assembly are required for
MAPLE-X. These are shown In Figure 3 and detailed in
Tables 1 and 2.

TABLE 1: MAPLE-X FUEL ELEMENT AND BUNDLE ASSEMBLY
SPECIFICATIONS

M-ELEMENT 1Z-ELEMENT U-ELEMENT
FUEL BUNDLE Mo-99 TARGET FUEL BUNOLE

END PLATE

RETAINER

FIGURE 3: FUEL ASSEMBLIES

The 36-element bundles are Installed in sites that
have serai-permanent hexagonal flow tubes. Both the
18-element bundles and the 12-element Mo-99 targets
can be installed either in central core region sites
that have semi-permanent cylindrical flow tubes, or
in the permanent flow tubes of the 14 Intermediate
core sites. The semi-permanent flow tubes of the
core region are not removed during normal fuel
management operations but all sltea in the inner core
can accommodate either type of flow tube thus
permitting maximum flexibility of cure loading
arrangements•

All three types of fuel assembly have similar
central Zircaloy support shafts. The fuel elements
in the 36-element bundles are arranged on an 11 mm
pitch. Those of the 18-«lement bundles are arranged
in two concentric annuli of 6 and 12 elements,
respectively. These two bundles use low enrichment
uranium (LEU, less than 20? U-235 in total U) as
driver fuel for MAPLE-X. The Mc-99 fuel targets use
highly enriched uranium (HEU, 93Z U-235 in total U)
compatible with current NftU practice. A Mo-99 target
assembly consists of a ring of 12 elements
surrounding an aluminum can attached to th« central
support shaft. This can, which contains essentially
stagnant H20 coolant, defines the coolant flow path
over the target fuel pins.

Fuel Element

Fuel Meat

Enrichment
Density
Diameter
Length
Mass of LEU
Mass of U-235

Cladding

Thickness
Fins
Height
Width

Diameter over
Cladding

61 wtZ U3S1-39 wtZ Al

20 wtZ U-235 in U
5.43 Mg/m3

D.35 mm
600 mm
60.14 g
12.03 g

Al (co-extruded)

0.76 mm
8
1.02 mm
C.76 mm

7.88 mm
Diameter over Fins 9.91 mm

18 Element Fuel Assembly

Shape

Flow Tube Diameter
Inner
Outer

Mass of LEU
Mass of U-235

Cylindrical

61.1 ram
62.8 mm
1.083 x 103 g
216.5 g

36 Element Fuel Assembly

Shape Hexagonal

Flow Tube Diameter
(Flat to Flat)
Inner
Outer

Mass of LEU

Mass of U-235

74.4 mm
76.6 mm

2.165 x 103 g

433.0 g

TABLE 2: MAPLE-X TARGETS FOR MO-99 PRODUCTION

Fuel Element

Fuel Meat

Enrichment

Density
Diameter
Length
Mass of U-235

21 wtZ U-79 wtZ Al

93 wt* U-235 in U
0.68 Mg/m3

5.49 mm
300 mm
4.5 g

12 Element Target Assembly

Shape Cylindrical

Flow Tube Diameter
Inner 61-1 mm
Outer 62.8 mm

Mass of U-235 54.0 g
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Control and Shut-Off Rods

These rods are actually hollow cylinders which
slide over the semi-permanent cylindrical flow tubes
of 18 element driver Euel rods in the central core
region as indicated in Figure 4.

CABLE

PULLEYS

CHIMNEY

CENTRAL
TUBE

CAIANDRIA

• EXTENSION

- COUPLING

-FLOW TUBE

-FUEL 8UN0LE

- ABSORBER

INLET PLENUM

FIGURE 4: CONTROL ABSORBER UNIT

Each rod includes a 1.8 m long stainless steel
central tube with a wide cut-out extending over the
upper portion to permit fuel changing. Neutron
absorbing material, either boron carbide or hafnium,
is suitably attached to the outside of this tube over
the bottom 600 mm section of the rod and is aligned
with the driver fuel on full insertion into the
core.

Fuel Handling

All fuel handling la done with the reactor in a
shut-down state using hand tools from a bridge that
can be driven over the pool.

PRODUCTION OF MO-99/TC-99m

General

Uraniura-235 fission produces molybdenum Isotopes
Mo-95 to Mo-100 inclusive. All of these Isotopes are
stable except for Mo-99 which decays, with a 66 hour
half-life, to a temporary lsomer of technecium

(Tc-99m). This isomer subsequently decays to the
stable ground state (Tc-99), with a 6 hour half-life,
and emits a soft (140 keV) gamma ray in the process.
The combination of short half life and soft gamma ray
emission makes Tc-99m one of the most powerful
diagnostic sources known to nuclear medicine.

The production sequence is summarized as follows:

U-235 Mo-99 •• Tc-99m »• Tc-99
6.1% 66 hr 6 hr

Secular equilibrium of Mo-99 and Tc-99m is reached in
approximately two weeks. Percentage production
levels resulting from irradiation in a thermal
neutron flux of 1014 n.cm~2.s~l are shown
in Figure 5.

ioo r

DAYS

FIGURE 5: Mo-99/Tc-99m IS-REACTOR PRODUCTION

On discharge from the reactor the molybdenum
fission products are chemically extracted from the
U-235 targets at CRNL and shipped to AECl.
Radlochemical Company for final purification,
packaging and world-wide distribution. The 66 hour
half-life of Mo-99 gives the product a useful shelf
lifetime of 3 to 4 weeks.

The production rate of Mo-99 atoms at equilibrium
is directly proportional to the U-235 target power
and, under these conditions, 5.IS x 1C* Curies of
Mo-99 per megawatt of target are produced at the end
of irradiation (E.O.I.). Time delays incurred to
purify and distribute the final product world-wide
are considered by defining a "6-day Curie" measure as
the market standard. This is simply the E.O.I.
Curies remaining at the time of measurement, of the
purified Mo-99 product, discounted by a further 6
days of decay.

Secular equilibrium activity levels of Tc-99m are
dictated by the quantity of Mo-99 present at a given
time and by the half-life of each Isotope. If the
lsotopic balance between parent and daughter Is
chemically altered, then the 6 hour half-life of
Tc-99m rapidly restores it as shown In Figure 6.
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5 50

FIGURE 6 : M o - 9 9 / T c - 9 9 m DECAY OF PRODUCT

Thus molybdenum "cows" are shipped regularly to
hospitals around the world where they are "milked"
daily for technecium.

t'ranlum-235 Target Irradiations

To meet the Mo-99 market requirements efficiently,
a certain minimum number of U-235 targets must be
Irradiated simultaneously at as high a duty factor as
possible. Some fraction (roughly a half) of these
are replaced and processed each week ensuring that
each target is irradiated for a minimum of 9 days.
Longer irradiation times have negligible effect on
the quantity of Mo-99 produced but the other stable
molybdenum fission products continue to increase
linearly with irradiation dose. Therefore, the
specific activity of Mo-99 per gram of molybdenum
product (i.e. the radio-purity) decreases with
irradiation time and is independent of the neutron
flux as shown in Figure 7.
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FIGURE 7: Mo-99 RADIO-PURITY VERSUS
IRRADIATION TIME

The NRU reactor, with its cn-power refuelling
capability, is an ideal reacto*" for isotope
production but its role as a research reactor
necessitates planned shut-downs for the resear-.h
program, which 'Usrupt the Mo-99 supply schedule. At
the present timj, the NRX reactor acts as a back-up
Irradiator to NRU and maintains supply when
necessary.

It is planned to use MAPLE-X as the primary Mo-99
production source in the future and MAPLE-X (like
NRX) requires that the reactor be shut-down to change
all fuel assemblies. Therefore, to maximize the djty
factor for reactor operations, a design requirement
for MAPLE-X is that a routine fuel change can be made
during a short shut-down from full power without-
xenon poison-out of the reactor. The design minimum
time to poison-out is 30 minutes and it is
anticipated that Mo-99 production will require i ot S
target changes per week; hence, daily half-hour shut
downs are anticipated.

MAPLE-X OPERATION AS A DEDICATED
FACILITY (DIPF)

ISOTOPE PRODUCTION

The proposed core loading arrangement for MAPLE-X
operation as a DIPF is shown in Figure 8,

© © © ©
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LEGEND:
M1...M7 - Mo-»9 PRODUCTION TAROETS
CR1..XR4 - CONTROL RODS
SD1...SOt - SHUT-OFF RODS

FIGURE 8: MAPLE-X CORE LOADING

Uranium-235 targets for Mo-99 production occupy
the seven central sites designated M1...M7.

MAPLE-X has 4 shut-off rods and 4 control rods
which consist of cylindrical neutron absorbers
operating outside the flow tube of an 18-element
driver rod. The shut-off rods, together with control
rods 1 and 2 are fully withdrawn during normal
equilibrium operation at high power. Therefore, they
form a ring of six, 18-element, fuel rods surrounding
the seven central Mo-99 production sites. Control
rods 3 and A are partially inserted to provide
automatic control at equilibrium full power and xenon
override capability.
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Keactor shut-downs for fuel changes are effected
by the simultaneous Insertion of all four control
tods, leaving the shut-off rods fully withdrawn. A
reactor trip causes the shut-off rods to be dropped
into Che core.

Or. start-up, control rods 1 and 2 are Initially
the controlling rods and gradually withdraw to
compensate for xenon build-up. Concrol is
transferred to rods 3 and 4 only when rods 1 and 2
are fully withdrawn. The control system drives just
one control rod out at a time but each rod in the
control bank of two rods Is always roughly In-line
with the other, because the control system algorithm
switches the drive signal alternately between the two
rods every 50 to 100 millimetres of rod movement.

Fourteen sites remain to be accounted for In the
MAPLE-X inner core and these contain 36-element
driver fuel rods with an average burn-up of 105 MW.d
(48610 MWd/Te) in the initial estimate for the
equilibrium core loading. The corresponding
estimated average burn-up for the 18-elemenr, fuel rod
components of both the shut-off rods and the control
rods is 45 MW.d (41677 MW.d/Te). This equilibrium
core loading is maintained by a 28 day fuel change
cycle Involving the replacement of the oldest
36-element rod (172 KW.d) with a fresh 36-element rod
and the oldest 18-element rod (75 MW.d) with a fresh
18-eletnent rod.

Initial Cote Loading and Transition to Equilibrium

T.ie DIFF operation of MAPLE-X can be accomplished

from day 1 following the initial comissioning

program for the generic MAPLE concept. All that

requires to be done is to load the core as described

in Figure 8 but to replace all the 36-element fuel

rods by fresh 18-element rods. Transition to the

equilibrium loading simply requires individual

replacement of those 18-element rods occupying

36-element rod positions by 36-element rods to match

the fuel burn-up demands on reactivity.

REACTOR PHYSICS CALCULATIONS

The detailed reactor physics design calculations
for the generic MAPLE concept were made by H.J.
Smith, at AECL's Whiteshell Nuclear Research
Establishment, using the 3-dimensional diffusion code
3DDT together with a 5 neutron energy group
cross-section library derived from UIMS. These
calculations, to establish the basic core design
criteria, are outside the scope of this report which
seeks only to investigate Mo-99 production
capabilities frr MAPLE-X operating at a power level
of 10 MW. To do this the methods employed by H.J.
Smith were adopted. WIMS cross- section sets were
derived for proposed target assemblies and added to
the 5-group library, and 3DDT simulations of possible
core loadings were made. Results for a possible
Initial core loading are given in Table 3 and results
for an equilibrium core loading are given In Table 4.

TABLE 3: INITIAL CORE

k at beginning of core life
eff

Av. reactivity change from fresh 18-el rod
to fresh 36-element rod

Total power from 18-el rods

Total Mo target power (7 targets)

Average Mo target power/target

* 1 •

=• +5

- 8.

- 1.

• 0.

0163

.3 mk

51

49

21

MW

MW

MW

TABLE 4: EQUILIBRIUM CORE

k at equilibrium
eff

Reactor reactivity change due to burn-up

Exit burn-up of 36-element rods

Exit burn-up of 18-element rods

Reactivity change for 36-element (old/new)

Reactivity change for 18-element (old/new)

Total power from 36-element rods

Total power from Its-element rods

Total Mo target power (7 targets)

Average Mo target power/target

Driver rod cycle tine

Reactivity worth of S/D rods

Reactivity worth of CR#1 + CB#2

Reactivity worth of CR03 + CR*4

- 1.0125

- 0.040 mk/MW.d

- 172 MW.d

- 75 MW.d

- 7.7 mk

- 3.4 mk

- 5.86 M

- 2.70 MW

- 1.44 MW

- 0.21 MW

• 28 days

- 186 mk

- 61 mk

- 43 mk

DISCUSSION OF CALCULATIONS

The results Indicate that each proposed 54 g U-235
target produces an average fission power of 0.21 MW,
which corresponds to an equilibrium E.O.I. Mo-99
production of 1.1 x 10* Curies per target, in
MAPLE-X operating at 10 MW. This result is
comparable to NRU production and applies to both the
initial core loading and to the equilibrium core
configuration considered in this report. It is
therefore expected to apply during the transition
period between these two states and permits MAPLE-X
to assume the role of a DIPF.
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The values of keff quoted are 3DDT calculated
values, corresponding to full power operation with
equilibrium fission product concentrations, for the
two cases- Some typical reactivity effects are given
to indicate driver fuel management requirements for
the equilibrium core. The fuel cycle requires
alternately an IS—element or a 36-element rod change
every two weeks, wherein the oldest rod in core is
replaced with a fresh rod. During the transition
from Che initial core to the equilibrium core
loading, 18-element rods occupying 36-element rod
positions will be replaced with fresh 36-element rods
on roughly the same two week schedule.

CONCLUSION

MAPLE-X can be operated at a power level of 10 MW
as a dedicated facility for the production of Mo-99
and thus allow the NRU reactor to be dedicated to the
research and development missions of AECL. However,
the MAPLE concept Is much more wide ranging than this
limited objective implies and MAPLE-X is being
designed to permit a future heat removal capacity
greater than 10 MW. This could nake Mo-99 and other
isotope production from reflector sites a viable
alternative to NRU in the future. It would also
enable Irradiations requiring high fast neutron flux
levels Co be performed in the MAPLE-X inner core and
neutron physics experiments requiring high thermal
neutron fluxes, cold sources and beam tubes tc be
accommodated in the DjO reflector locations.
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THE SLOWPOKE-2 REACTOR WITH LOW ENRICHMENT URANIUM OXIDE FUEL

B.M. TOWNES AND J.W. KILBORN

AECL Research Company
Chalk River Nuclear L a b o r a t o r i e s

Chalk R i v e r , Ontario

ABSTRACT

A SLOWPOKE-2 reactor core contains less than 1 kg
of highly enriched uranium (HEU*) and the
proliferation risk Is very low. However, to overcome
proliferation concerns a new low enrichment uranium
(LEU**) fuelled reactor core has been designed. This
core contains approximately 180 fuel elements based
on the Zircaloy-4 clad UO2 CANDU fuel element, but
with a smaller outside diameter. The physics
characteristics of this new reactor core ensure the
inherent safety of the reactor under all conceivable
conditions and thus the basic SLOWPOKE safety
philosophy which permits unattended operation is
not affected.

INTRODUCTION

SLOWPOKE-2 is a 20 kW pool-type research reactor
which, due to inherent safety characteristics, is
licensed to operate unattended (!)• There are
currently seven SLOWPOKE-2 units ln operation, six in
Canada and one at the University of the West Indies
in Jamaica. The reactor is used as a neutron source,
primarily for neutron activation analysis and short-
lived isotope production.

In general, for a small research reactor the
maximum value for the ratio of thermal neutron flux
to fission power is obtained when the core fissile
content is a minimum- Thus, in the SLOWPOKE-2
concept where neutron flux is at a premium, HEU fuel
with Its small U-238 reactivity load is the obvious
first choice. Since a suitable material in the form
of an aluminum clad fuel element made of an
uranium-aluminum alloy was already in use in the NRX
and NRU research reactors, this material was selected
for the original SLOWPOKE-1 prototype and all
subsequent SLOWPOKE-2 reactors.

These existing reactors are fuelled with less than
1 kg of HEU fuel contained ln approximately 300 fuel
elements. HEU fuel is viewed as a potential source
of weapons material and the supply of HEU to research
reactors Is becoming more restrictive* Since
enrichments of less than 20Z are internationally
recognized as a fully adequate lsotopic barrier to
weapons manufacture, the possibility of using ZOX
enriched uranium instead of 93*, has been under
consideration, for SLOWPOKE-2, at Chalk River Nuclear
Laboratories since 1979. The result is a new LEU
core design which will maintain the SLOWPOKE-2
reactor as a viable product, both for new reactor
installations and for replacement cores in existing
reactors.

In order to minimize the effects of the change to
a new fuel and Co facilitate its use for replacement
cores in existing reactors, the overall SLOWPOKE-2
reactor geometry has been retained and only the fuel
cage and fuel eleoents have been altered. The fuel
element is based on the dependable Zircaloy-4 clad
U02 CANDU fuel element, but with a smaller outside
diameter (5.25 mm), similar to that of the
uranium-aluminum fuel element used in the current
SLOWPOKE-2 reactors. The fuel cage is manufactured
out of Zircaloy-4 material to avoid corrosion
problems which might have occurred if the current
aluminum cage were used. The first LEU core will be
installed this year in a new SLOWPOKE-2 facility at
the Royal Military College in Kingston, Ontario.

SLOWPOKE-2: GENERAL DESCRIPTION

SLOWPOKE, an acronym for Safe Low Power Critical
Experiment, is a pool-type reactor developed by
Atomic Energy of Canada Limited as a neutron source
for isotope production and neutron activation
analysis. Low cost, Inherent safety and simplicity
of operation were primary considerations. The
reactor provides a usable thermal neutron flux of
10^2 n.cm~2.s-l at approximately 20 kW thermal power.
The prototype SLOWPOKE-1 was commissioned at CRNL in
1970. The first commercial unit, SLOWPOKE-2, was
installed in 1971. These reactors are licensed to
operate without conventional automatic shutdown
devices and without an operator ln attendance. The
basic design specifications are shown ln Table I.
Figure 1 shows the SLOWPOKE-2 reactor assembly.

TABLE 1: SLOWPOKE-2 DESIGN SPECIFICATIONS

Thermal
Diameter
Length
Volume

REACTOR
Pool Diameter
Pool Depth
Container Diameter
Container Height
Core Diameter
Core Height
Fission Power

2
6
0
5
22
22
20

IRRADIATION FACILITIES

Flux n.cm .s
cm
cmj
cm

INNER

1012

1.6
5.4
7

.5

.1

.6

.3

.0

.0

.0

m
m
m
m
cm
cm
kW

OUTER

5.8 x 1 0 U

2.9
5.4
27

* HEU 93 wtZ U235 ln U

** LEU < 20 wtZ U235 in U
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FIGURE 1: SLOWPOKE-2 CRITICAL ASSEMBLY

SLOWPOKE-2 cores originally contained 820 g of
U235 In the form of 295 elements of an aluminum clad
HEU-aluminum alloy. The latest SLOWPOKE-2 reactor,
which was installed in 1984 at the Atomic Energy of
Canada Radiochemical Company, Kanata facility near
Ottawa, has a 317 element long life core and contains
875 g of U235 (2). The cylindrical reactor core is
surrounded by 10 cm thick beryllium reflectors on the
side and bottom* Long tern reactivity compensation
is effected by adding thin beryllium plates to a shim
tray on top of the core. The reactor core and
beryllium reflectors are supported Inside a
cylindrical aluminum water-tight reactor container
suspended in the reactor pool, thereby providing
double containment for the core water.

SLOWPOKE-2 has five sample sites in the beryllium
radial reflector and five more sites in the water
surrounding this reflector. Irradiation capsules are
transferred to and from the reactor using a
compressed gas system in tubes extending from the
loading station to the sample site.

The core is cooled by natural convection of the
coolant-moderator water. Coolant heat passes through
the wall of the container to the pool where it is
removed by means of a cooling coil connected to the
local water supply-

Inherent reactor safety is guaranteed by a
combination of the negative temperature and void
coefficients of the undermoderated core, a limited
maximum excess reactivity of 0.0034 iSk/k, restricted

user access to the reactor core, and administrative
control of samples added.

The core of the SLOWPOKE reactor is designed to
have negative temperature and void coefficients of
reactivity, so that heating or boiling of the
coolant-moderator causes the reactivity to decrease.
A consequence of this self^regulating characteristic
is an upper limit on the equilibrium power equal to
the heat removal capacity of the cooling system. A
more important consequence of the negative
temperature and void coefficient is the inherent
protection against reactivity transients caused by
loss-of-regulation. The reactor is designed so that
the power and temperature transients, resulting from
the most severe reactivity transients, are safely
limited by the rapid increase in the fuel and
moderator temperatures and the production of
sub-cooled voids.

Automatic control of the reactor is exercised by a
single motor-driven cadmium absorber rod which moves
along the central axis of the core through a hole in
the top reflector. The control rod motor Is
activated by a signal from a self-powered neutron
detector located in the beryllium side reflector. If
the control system fails, the maximum credible
reactivity insertion will result in a power transient
limited to safe levels by the inherent negative
feedback characteristics. If a fault develops In the
automatic regulating system, the reactor can be
shutdown manually by Inserting cadmium filled
capsules in one or more of the irradiation sites.
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LEU OXIDE FUEL ELEMENT

Low enrichment (19.9 wt% U235 in U) U0 2 pellet
fuel has been chosen to replace the uranium-aluminuni
alloy fuel used previously in SLOWPOKE-2. Ceramic
grade UO2 powder is pressed and sintered to produce
cylindrical pellets with a nominal density of
10.6 Mg/ra3. The UO2 pellets are enclosed in
Zlrcaloy-4 sheaths with welded end caps. Larger
diameter fuel elements, manufactured In this manner,
have been used in CANDU reactors for many years
operating reliably at maximum surface heat fluxes
approximately 30 times greater than in SLOWPOKE-2,
and at much higher coolant temperatures. The UO2
fuel elements for SLOWPOKE-2 are being fabricated to
AECL specifications by Westinghouse Canada Limited.

Predictions, using the ELESIM computer coue (3)
have shown that the cladding wall thickness and low
coolant pressure ensure that a fuel/sheath gap exists
at all times during normal operation. Sheath failure
due to stress corrosion cracking or fatigue should,
therefore, be of no concern at normal power levels.
Calculations have also shown that activity release to
the element free volume is negligible due to low
operating temperatures, leading to negligible release
of fission products should a defect occur. Failure
of elements due to coolant-side corrosion is
unlikely, since ZircaXoy-2 fuel sheathing has
operated at temperatures over the range
250°C - 300"C, in the NPD reactor, for greater than
twenty calendar years with a typical coolant-side
oxide thickness of 0.03 mm.

REACTuR PHYSICS

Reactor physics studies for the SLOWPOKE-2 reactor
have been done using either whole core one
dimensional calculations in 18 neutron groups using
the CRNL version of the WIMS code (4), or two
dimensional (R-Z) reactor calculations using
condensed 4 group WIMS lattice parameters in the
finite difference diffusion theory code CITATION (5).
The latter method will be referred to as WC.

Core Loading

About 20% more U235 in total is required to
produce the same LEU core reactivity as In the HEU
SLOWPOKE-2 core. This is due to the additional U238
parasitic neutron absorptions in LEU fuel. However,
because UOj has a higher uranium density than the
uranium-aluminum fuel which it replaces, the number
of elements needed to provide a given reactivity is
less in the LEU core than in the corresponding HEU
core. WC calculations indicate that 180 LEU elements
will give the same Initial reactivity as the latest
317 element long life HEU core recently installed at
Kanata. A comparison between these two cores is
shown in Table 2.

A set of preliminary WIMS calculations for the
LEU reactor was run in order to determine an optimum
fuel loading pattern In terms of core reactivity,
sample site flux/reactor power ratio and the control
rod worth. Fuel loadings using both the current
hexagonal lattice with 342 possible fuel locations
and lattices designed to give a uniform hexagonal
distribution with about 200 possible fuel sites were
investigated. The results Indicated that in general
".he control rod worth and the sample site flux/power
ratio can be Increased at the expense of core
reactivity by reducing the number of occupied fuel
sites close, to the central absorber location and/or
the beryllium radial reflector. Results for regular

arrays with fewer fuel sites tended to be less
reactive, because the resulting Increase in lattice
pitch implied that fewer sites were located close *o
the beryllium radial reflector than could be achieved
using the 342 site arrangement. Therefore, the 342
site cage has been retained and a compromise between
reactivity and an acceptable sample site flux to
power ratio results in the layout shown in Figure 2
for a 180 element fuel loading.

TABLE 2: COMPARISON BETWEEN HEU AND LEU CORES

Fuel Material
Enrichment (ZU235)
Fuel OD (am)
Sheath Material
Sheath 0D (mm)
Fuel Length (mm)
Ho. of Elements
Total Uranium (kg)
Total U235 (kg)
Power Form Factor*
Avg.Surface Heat Flux**(W/cm2)
Peak Surface Heat Flux**(W/cm2)
Cool Temp.Coeff.(mk/'C)
Fuel Temp.Coeff .(/ik/°C)

* Peak Power/Average Power
** at 20 kW

HEU

U/Al
93
4.22
Al
5.23
220
317
0.94
0.88
1.33
1.74
2.31

-0.18
-0.50

LEU

TO2
19.9
4.19
Zr-4
5.25
227
180
5.22
1.05
1.44
2.9 ;
4.2 i

-0.13
-8.50

FIGURE 2: 342 SITE FUEL CAGE-
PROPOSED 180 ELEMENT ARRANGEMENT

Change in Fuel Length

Because there is more uranium in the LEU core, the
core is "blacker" to neutrons and there is less
neutron leakage than from an HEU core. As a result
the top beryllium reflector, which is used for long
term reactivity control, will be worth about 152 less
In the LEU core. In the new LEU core the top
reflector worth has been Increased by about 152 to
give the same value as in the current HEU design by



20.28

reducing the water gap between the top of the fuel
and the base of the top reflector support tray. This
has been done by increasing the LEU fuel stacfc length
to 227 mm compared to 220 mm in the HEU core, and
allowing the LEU fuel elements to protrude above the
fuel cage top plate. The net result is an LEU
reactor core which has a predicted lifetime of at
least 40 kW.a similar to that of the long life HEU
core installed at Kanata.

Power and Flux Distributions

Power and neutron flux distributions have been
derived from WC calculations. As an example, the
axial power and thermal flux (< 0.625 eV)
distributions at a radius o£ 4.7 cm are shown In
Figure 3 for the start-of-life core with no beryllium
top reflector plates and the control absorber out.
Note the asymmetry produced by the lack of a top
beryllium reflector and the flux peaking which occurs
above and below the reactor core. The power
distribution is shown in terms of the variation in
the ratio of the point power density relative to the
average core power density. Plotted in this way, the
power form factor can be read directly off the
curve.

1.2
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FIGURE 3: A51IM, DISTRIBUTION

When the control absorber is out, the thermal flux
peaks in the central water zone and the peak fission
power occurs in the six central fuel elements Just
below mid-core height. In this situation the power
form factor (maximum/average) has its largest value
of 1.44.

The calculated core thermal power required ~o
provide a sample sire thermal flux of
1012 n.cm~2.3-l js 19,6 kW, corresponding Co a value
of 18.9 kW for the 317 element Kanata HEU core.

Reactivity Coefficients

The reactivity feedback effects due to temperature
changes were calculated by treating the three
variables: fuel temperature, coolant temperature and
coolant void, Independently. A series of WIMS
calculations were done for fuel temperatures varying
from 1Q°C to 500°C, coolant temperatures (density)
from 10'C (.9997 g/cm3) to 90°C (.9653 g/cnP) and
coolant voids from 0 to 20Z.The corresponding 4 group
parameters were used in CITATION calculations and the
reactivity change in each case relative to a
reference state (uniform temperature 20°C) was
calculated. These data were fitted to polynominals
for use in the thermal hydraulics code SPORTS (6)
(see section on transients).

The WC results for the HEU/A1 core were also
calculated and are compared with experimental values
in Table 3. The results show that the calculations
somewhat underestimate the measured values and will
therefore, lead to conservative estimates of power
transients since the actual negative reactivity
feedback is greater than the calculated value used in
the transient simulations.

TABLE 3: CORE TEMPERATtTRE REACTIVITY CHANGES

CORE TEMP.
RANGE

20 - 40
20 - 60
20 - 90

REACTIVITY CHANGE (mk)

HEU
Expt. WC

LEU
WC

-2.8
-7.3

-15.0

-2..0
-6O3

-13.33

-).70
-4.29
-9.69

Results for the LEU case, also shown in Table 3
for comparison, are about 302 less than the HEU
values, primarily due to the lower neutron leakage
from the "blacker" LED cote- Tlverefore, the steady
state power following a reactivity insertion will be
somewhat higher in the LEU core relative to the
comparable HEU case.

Control Rod and Auxiliary Shutdown System Worths

WIMS calculations were used to determine the
control rod worth and the cadmium capsule auxiliary
shutdown system worth relative to the corresponding
values in the HEU core. The calculated LEU core
reactivity worths are 96/5 and B9Z, respectively, of
the HEU control rod worth and auxiliary shutdown
system worth.

The reactivity worth of the control rod is set by
a limit on the depth of insertion and there is
sufficient flexibility to allow the LEU control rod
to provide the sane 5 mk reactivity worth as is
available in the HEU core.

Each cadmium capsule has a worth of -1.4 mk in the
HEU core and a predicted value of -1.2 mk in the LEU
core. The minimum combined capsule worth is -5.6 mk
in the HEU core assuming a cadmium capsule in each of
4 empty inner sites. The corresponding predicted
value of -4.8 mk in the LEU core, is adequate for any
potential abnormal reactivity additions.



20.29

Long Term Reactivity Changes

During reactor operation U235 is consumed and
fission products build up, resulting in a gradual
reduction in reactivity with tine. Compensation for
this reactivity loss is effected by periodically
increasing the thickness of the top beryllium
reflector by the addition of beryllium plates of
small known reactivity worths. As the beryllium
thickness increases the incremental reactivity effect
of additional beryllium plates decreases. As a
result the useful thickness of the top beryllium
reflector is approximately 10 en. The total worth of
a 10 cm thick top beryllium reflector Is estimated
from WC calculations to be 20 ink, similar to that for
the HEU core. This provides sufficient reactivity
for at least 40 kW.a of operation with the LEU core,
corresponding to at least 20 calendar years of
typical operation.

THERMALHYDRAULICS

Heat Production and Transfer Characteristics

Although the LED fuel has similar external
dimensions to the HEU fuel, the average surface heat
flux for a given total reactor power is higher for
the LEU fuel by a factor of about 1.7, due to the
smaller number of elements in the LEU core. The
power form factor of 1.44 in the LEU core compared to
1.33 in the HEU core, results in a peak surface heat
flux which is about 1.9 times higher in the LEU core
than in the 317 element HEU core.

The time constants which govern the transient heat
removal behaviour are also somewhat longer for the
LEU oxide compared to the HEU/Al metal fuel. In the
high thermal conductivity metal fuel, the main
thermal resistance between fuel and coolant occurs at
the sheath coolant interface, whose properties,
therefore, determine the time constant. In the LEU
fuel the lower conductivity UOj has a temperature
gradient within the fuel, and the situation is
further complicated by the fuel to sheath heat
transfer coefficient, which varies from about
i kW/(m2.k> to 35 kW/(m 2.k), depending on whether
the fuel contacts the sheath or not.

Changes in the average fuel temperature can be
approximately described in terms of a simple time
constant:

> ca
8X

where n - fuel density
c - fuel mean specific heat
a - fuel radius
X • fuel thermal conductivity
h - surface heat transfer coefficient
- (l/ho l

where h 0 and hf are the sheath-coolant and
fuel-sheatb heat transfer coefficients. In high
conductivity u/Al alloy the first term in the
expression for r is negligible and r~pca/2h. For
UO2 both terms are Important. Values for the fuel
time constant T for typical values of the surface
heat transfer coefficients are listed in Table 4 for
both fuel types. Although the oxide fuel has a
longer response time (1 - 4 s) than the U/Al fuel
(0.5 - 2.5 s) this has only a small effect on the
prompt power peak (see transient section) and no

effect on the time taken to reach the limiting steady
power. In the case of a 6 mk transient for example
the prompt peak occurs about 15 s into the transient
and the steady state power is reached after about
100 s.

TABLE 4: FUEL TIME CONSTANTS

Fuel
Material

U/Al

UO2

Heat
(kW
hf

00

00

2
2
35

Transfer
—9 i^—l ̂m . K )

ho

1
5

1
5
5

Coeff.

h

1
5

0.7
1.4
4.6

Time
Constant

(s)

2.5
0.5

4.2
2.2
0.9

The ELESIM code has been used to predict steady
state operating parameters for a range of reactor
powers using sheath to coolant heat transfer
coefficients calculated by the SPORTS code. Table 5
lists some of this data together with estimated
reactivity effects associated with the fuel and
coolant temperature changes relative to a reference
20°C value. Also shown is the xenon reactivity load
after 12 hours of operation at the stated power.

TABLE 5: STEADY STATE OPERATING CONDITIONS

Reactor
Power
_ (kw)

0.1
1.0
5.0
10.0
20.0
50.0

Peak Centre
Fuel Temp.
<°C)

20
37
71
95
150
268

Coolant
Out.Temp

21
23
29
34
41
57

Reactivity
Change
(mk)

-0.1
-0.2
-0.6
-0.8
-1.4
-2.8

Xe Worth
12 hr.
(mk)

-0.01
-0.05
-0.21
-0.42
-0.81
-1.99

Transients and the Self-Limiting Power Excursion
Behavior

The SLOWPOKE safety philosophy is based on a
limited maximum excess reactivity during all normal
and conceivable abnormal conditions together with- a
safe self-limiting power excursion behaviour for
reactivity insertions greatly in excess of this
maximum excess reactivity. The maximum credible
reactivity insertion is 3.9 mk which may occur as
follows.

If during a reactor start-up (with an installed
system excess reactivity of 3.4 mk) with a typical
sample (worth 0.1 mk) in one of the small (inner)
irradiation sites, an inner irradiation tube floods
(worth 0.38 mk) and the control system fails when the
control rod is in its fully withdrawn position then
the reactor could experience a power excursion with
an initial excess reactivity of 3.9 mk.

To demonstrate the safe behaviour of the
self-limiting power excursion, transient tests will
be performed during reactor commissioning experiments
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cor progressively increasing reactivity insertions•
In advance of these experiments, transient
simulations have been performed using the SPORTS code
both for the LEU and HEU cores.

The SPORTS code was Initially developed at CRNL
for stability studies on the SLOWPOKE-3 heating
reactor. Under single-phase conditions the code is
sufficiently accurate. For two phase conditions,
an empirical correlation is used to describe the
void, and the void is assumed to be homogeneously
mixed. Point: source neutron kinetics are
incorporated, using a reactor period versus
reactivity variation based on the INHOUR equation.

The reactivity feedback effects from changes in
fuel temperature, coolant temperature and coolant
voiding, calculated as described earlier, are used in
SPORTS in the form of fitted polynominals. The
kinetic parameters, mean neutron lifetime
(7.65 x 10"'s) and the effective delayed neutron
fraction (.00803), were determined from HC
calculations using flux and adjoint flux weightings,
with six delayed neutron groups.

The reactor was modelled in one dimension from the
inlet orifice at the bottom of the core to the outlet
orifice at the top of the core, and although coolant
flow over this region is not strictly one
dimensional, because of the cross flow which occurs
in certain locations, the one dimensional treatment
is a good approximation.

The core was divided evenly into 10 axial nodes and
each orifice into 2 nodes. As the circulation in the
container surrounding the core is at very low
velocity, it Imposes a constant hydrostatic pressure
drop across the core and fixed boundary conditions of
pressure and inlet temperature were assumed. The
assumption of a constant inlet temperature is valid
for the first few minutes of the transients. After
that, the inlet temperature will start to rise and
the calculated transients have, therefore, been
limited to the first 200 seconds. If the outer
thermalhydraulic loop and resulting increasing inlet
temperature were modelled, the predicted final power
and fuel temperatures would be lower. These results
are, therefore, conservative.

Figure 4 shows the calculated power variation with
time for a step reactivity Insertion of 6 mk. After
about 15 seconds into the transient the power
exhibits a "prompt" peak of 140 kW. This occurs due
to the rapid negative reactivity feedback arising
from heating the fuel and moderator at times before
a significant fraction of the energy generated in the
core has been removed from the core by natural
convectlve flow. As convective flow develops, heat
is removed from the core but slowly compared to the
rate at which energy is being generated within the
core. Core temperatures and power continue to
Increase while reactivity decreases until a steady
power level of 180 kW is reached at which point the
initial reactivity insertion is balanced by the
negative temperature effects. As already noted these
results ate expected to b« conservative since the
incresse tn inlet temperature which begins after a
minute or two is ignored. A further degree of
conservatism arises because the calculated reactivity
coefficients are less than the measured values in the
HEU core (see Table 3) and are, therefore, also
expected to underestimate the true values in the LEU
core.

120 160 200

TIME (5)

FIGURE 4: 6 mk STEP TRANSIENT

Critical Heaf. Flux

A conservative equation, developed by J.T. Rogers
(7) for predicting the critical heat flux (CHF) in
the HEU SLOWPOKE-2 core is:

CHF - 580 + 11 ATs kW/m2

where dTs is the sub-cooling in 'C

This expression, also applicable to the LEU core,
predicts that even with 0°C sub-cooling, the CHF will
not be attained locally in the LEU core until the
reactor power exceeds 270 kW. This is far in excess
of conceivable abnormal levels which are predicted to
be less than 110 kW for the 4 mk largest credible
reactivity insertion and only 180 kW for the 6 ink
insertion as shown in Figure 4.

SUMMARY

The very low proliferation risk for the current
HEU fuelled SLOWPOKE-2 reactor has been removed
entirely by the development of an LEU fuelled core
which can be used as a replacement core in existing
reactors or as a first core in new installations.
Calculations indicate that this new LECf core exhibits
all the inherent safety characteristics of the
original HEU design. The predicted margin to dryout
is more than adequate for all conceivable normal and
abnormal operating conditions.
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ABSTRACT

SAGA-N, the f irst nuclear-powered commercial
submarine, i s under construction and active
development in France and Canada. The ship's
capability to support saturation diver operations
at depths to 450 m and other work site operations
to 600 m, both at submerged ranges to 300 nautical
miles, will be enhanced by the introduction of the
small-scale nuclear-electric plant, AMPS. This
plant, based on a low-pressure reactor heat source
and a low-temperature Rankine cycle engine will
deliver 100 Mfe to the ship's main electrical bus.
The sh ip w i l l be p a r t i c u l a r l y useful for
oceanographic research and resource development in
ice covered and ice infested waters.

INTRODUCTION

The s u b m a r i n e "SAGA" e m b r a c e s a number o f
s ignif icant now developments in nuclear and
subaersible technology.

The S t i r l i n g engine powered commercial
submarine, SAGA-1, currently being constructed in
Marseilles and scheduled for first service in late
1986, features accoanodaticns for a crew of six,
plus seven saturation divers. It is considered to
be the most advanced fac i l i ty for research and
service operations at depths to 600 metres, with

HATCH FOR ATMOSPHERIC
COMPARTMENT

DIVER CONTROL ROOM

DIVER LOCK OUT
COMPARTMENT

mission times and ranges of 15 days and 150
nautical miles, respectively. Built for the later
installation of a nuclear propulsion system, SAGA-1
w i l l be brought to Canada in 1988 for the
integration of the nuclear power source currently
under development specifically for such submarine
applications. The converted vehicle, to be re-
named SAGA-N, wil l be the world's f irst nuclear
powered submarine intended for commercial
operations. The SAGA ser i e s wi l l d isplace
approximately 600 tonnes submerged and rely on
motive power of the order of 100 KW, alternately
Diesel, Stirling or nuclear.

The purpose of the present paper is three-fold:

i) to introduce the nuclear-powered sea
shuttle concept of which SAGA-N will be
the first realization,

i i ) to outline the Canadian and international
corporate arrangements underlying the
SSGA-N project, and

i i i ) to discuss, in the light of the SAGA-N
operating environment, the preliminary
design concept for the Autonomous Marine
Power Source (AMPS) currently under
development as the nuclear-electric power
plant for SAGA-N.

DIVER TRANSFER LOCK •

ENGINE ROOM -

SLEEPING QUARTERS •

MESS ROOM-

OBSERVATION POST •

Figure 1: The General Layout of SAGA-N

OUTLINE OF A M P S CONTAINMENT
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SEA SHUTTLE OPERATIONS AND THE SAGA-SERIES

The SAGA-series represents a c l a s s of conmercial
submarine capable of performing a broad range of
undersea missions. Many missions require typical ly
that the submarine travel a considerable distance
under ice , s e t t l e on the ocean floor at the work
s i t e , and over a period of weeks provide an
operational base for the deployment of the
saturation divers and their equipment. After
completion of the on-site mission, the vessel
returns to home-base carrying the divers, the crew
and any sc ient i f ic data or art i facts . It i s
natural to refer to such missions as sea-shuttle
missions in obvious analogy with those of the space
shuttle. Given that the SAGA-series craft are
intended primarily for such operation they may be
referred to as sea shuttles.

In addition to saturation diving, the sea
shuttle may be used to deploy and operate other
capability at the work s i t e . Such capability
includes self-borne robotic equipment and remotely
operated vehicles, both tethered and untethered.

Sea shuttle operations performed either at the
work s i te or in transit, may be in support of
underwater research or underwater construction and
servicing. Table 1 shows a l i s t of scientific or
technological areas to be supported by the sea
shutt le along with corresponding examples of
specific functions which may be performed.

The general layout of the SAGA-N is shown in
Figure 1. The main components which are common to
both SAGA-1 and SAGA-N are shown in some detail,

TABLE l

A Selection of Sea Shuttle Applications

Discipline/Operation Menaurenent/Eunction

TABIE 2

SAGA Series Submarines

Geophysical

Geological

Geochemical

Biological

Oceanographic

Geographical

Surveillance

Instrument Deployment
& Retrieval

Offshore Construction

Offshore Production

Emergency Intervention

Salvage

- Deep and shallow
3iesmic expoloration

- Drilling/coring/
rock & water
sampling

- Temp/oonductivty/
PH/O2 measurement

- Observation and
sanpling of
ecological systems

- Ocean current
patterns

- Sea bed detailed
mapping

- Exercising of
sovereignty

- Commercial/
scientific/
naval

- Site survey,
local manipulation,
& power and control

- Inspection,
maintenance and
repair

- Search and rescue,
emergency repair,
pollution abatement

- Location and
retrieval of bounty
and government or
comnercial property

Displacement,
submerged
(tonne)

Length,
overall (m)

Width,
overall (m)

Operating
depth (m)

Crew
number

Power sources (net):

SfiGA-1

550

28

SAGA-N

625

36

7.4

600

6+(7 divers)

7.4

600

6+(7 divers)

Stirling (kWe)

Diesel (kVfe)

Nuclear (kWe)

Mission
time (days)

Mission
range
(naut. miles)

Speed
(knots)

First
mission
target date

2 x 75

30

15

*150

1986-37

2 x 75

30

100

+30

*300

4-6

1988-89

+ Limited by crew endurance taken a s 30 days

Limited by n^Tjiw^ return range assured
by S t i r l i n g power

whi le the pressure h u l l extens ion, which w i l l form
containment for t h e AMPS power s o u r c e i n t h e
conversion frcn SAGA-1 t o SAGA-N, i s shown only in
outline.

The ship consists essentially of two pressure
hulls mounted on a single keel, with auxiliary
supply tanks and equipment mounted outside the
pressure hulls, but within the era-structure. The
smaller pressure hull serves as the saturation
diver habi tat , while the larger houses the
operational crew, the conventional power plants and
control instrumentation.

Many of the ship's systems, including the final
propulsion system, are electrical. Therefore, the
conventional power sources (two Stirling engines
and one Diesel engine), which are common to both
SAGA-1 and SAGA-N, drive electrical generators
feeding the ship's main electrical bus. The AMPS
nuclear e lectr ic plant will likewise supply the
ship's electrical bus. The bus, in turn, meets
propulsion, hotel, and work site electrical demands
with the load-leveling support of a battery system.
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Low-temperature thermal energy, needed for habitat
and diver heating, is also received from either the
Stirling or the nuclear plant on a co-generation
basis.

The primary specifications for both SAGA-1 and
SAGA-N are shown in table 2. A number of paints
may be observed with regard to the merits of the
conversion from SAGA-1 to SAGA-N:

1. SAGA-1 promises in i t s own right to make
available for oceanographic research and
development a facil ity which is outstanding
in overall performance, work site support and
diver and crew accommodations.

2. The addition of the AMPS nuclear-electric
power source in the conversion to SAGA-N
provides an extended maximum mission time and
range, while enhancing the margin of
reliability.

3. The extension of mission time and range are
most significant for explorations beneath
ice-covered or ice-infested waters. The
submarine in these circumstances i s a
desirable alternative to surface-based
exploration, and the extended mission
capability allows deeper penetration under
the ice-field.

4. The mission time and range given for SSGA-N
in Table 2 are conservative figures governed
by estimated crew endurance and power source
r e l i a b i l i t y , rather than the technical
limitations of the nuclear power source.
Thirty days is the estimated upper limit for
crew endurance, including the requirements of
the hyperbaric-cycle, and 300 nautical miles
corresponds to the maximum under-ice
penetration if re-emergence under Stirling
power is to be assured in the event that the
nuclear system becomes unavailable.

5. Even with the sea-shuttle settled at the
work-site, the energy demands remain
reasonably large. While the propulsion load
will have dropped to zero, the heating of
d i v e r s u i t s and the o p e r a t i o n of
extravehicular machinery may bring loads
dcee to the P'Tnin*1 maximum source outputs.
Therefore, the nuclear energy available for
on-aite operations is an important incentive
for the conversion to SAGA-N.

CORPORATE ARRANGEMENTS

SAGA-N is a project of International Submarine
Transportation Systems, Ltd. (ISTS), a Canadian-
registered company owned by Canadian and French
interests on a f i fty-f ifty basis. The Canadian
interests are shared by aiergy Conversion Systems
Inc. (ECS) and International Submarine Engineering
Limited (ISE), while the French interests are
shared by Comex, S.A. and Institute Francais de
Recherche pour V Exploration de la Max (iFHQffiR).
All four organizations have ongoing activities in
the development and deployment of undersea research
and operational equipment. In particular, all four
participating organizations are contributing
technical components to the SAGA-N project.

The corporate interests •and participation in the
SAGA-N project are illustrated in Figure 2. ECS

SAGA-N ORGANIZATION

ECS ISE COMEX SAl IFREMER

ISTSJ
INTERNATIONAL

9UIMARMC TRANSPORTATION
STSTEHS

AMPS PROJECT
AMPS REACTOR AS
NEAT SOURCE.usna
MIU.S" PRINCIPLES.

ORGANIC RANKME
CYCLE njRIiNC
GENERATOR FOR
ELECTRIC POWER

C0MIINE3 REACTOR AND ORC ENGINE
INTO'AUTONOMOUS MARINE ROWER
SOURCE."

SAGA-1 PROJECT
CONVENTIONAL COMMEffCAL
SUBMARINE
STMLINS ENGINES POWEH SOURCE .
DIVER LOCKOUT CAPABILITY

FULLY OPERATIONAL SAGA
DEMONSTRATION

INTEGRATION PROJECT

SAGA-N

Figure 2:

COMMERCIAL OPERATION* |

Corporate Arrangements
for the SAGA-N Project

has been contracted by ISTS to supply the nuclear-
e l ec t r i c power source known as AMPS and to
participate with COMEX in i t s integration with
SAGA-1 in the conversion to SAGA-N. ISE is a
candidate for the supply of major subsea equipment
to be deployed from the SAGA-N platform. Comex, in
collaboration with IFFBffiR, is building the SAGA-1
vessel which will be integrated with the AMPS power
source a f ter ex tens ive sea t r i a l s as a
conventionally powered submarine.

The remainder o£ this paper oomaentrates on the
AMPS nuclear power source as the component under
development by the authors' Company.

THE AMPS NUCLEAR-ELECTRIC POWER SOURCE

As i n d i c a t e d , "AMPS" i s the acronym s tand ing for
"Autonomous Marine Power S o u r c e " , a name w h i c h
derives in part from one essent ial design
criterion, namely, that the power source must meet
the output requirements reliably and safely with a
mini rain of attention being required of the SAGA-N
operating crew, which already has heavy operating
assignments. This requirement, among other
considerations, leads to the addition of a low-
pressure water-cooled reactor i..-at source (RES)
combined with a low-temperature Rankine cycle
engine as the two major components of AMPS.

The net electrical output requirement of AMPS is
approximately 100 kW. The reasonably achievable
net efficiency of the energy conversion plant (ECP)
is 8.5% when the reactor is operated at a nominal
pressure of one atmosphere and the condenser is
cooled by sea water. Thus, a nominal fission power
of 1.5 m, with the heat delivered to the BCP at
about 90 °C, is taken as the design objective.
This figure also allows for the primary coolant
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pumping requirements and the diversion of some
thermal energy to habitat and diver heating.

Figure 3 shows schematically the general
arrangement of the RHS and BCP within the required
pressure hull extension to SAGA-1. A design
objective is that the hull extension should be
neutrally buoyant and the centre of buoyancy be
reasonably well aligned with the centre of gravity.
To specify adequate shielding for radiological
protection of the crew, the divers, and the BCP,
while observing the required weight distribution,
is an added design challenge.

SEA

Figure 3: Tentative Allocation of Space for the
Reactor Heat Source (RHS) and Energy
Conversion Plant (ECP) in the SAGA-N
Pressure-Hull Extension

The BCP

A preliminary design study of the low-temperature
Rankine cycle engine using FRECN-11 as the working
fluid has been completed. The flow diagram from
this study is shown in Figure 4. The system is
normally operated as two separate engines driven by
the common reactor heat source. Sizing of
components is such that power output may be
maintained at 70% nominal output if any components
in one engine become unavailable. The valving
arrangement in this design provides for maintaining
a 70% output in the event of certain combinations
of component failures on both sides. The entire
system is projected to fit in the space allocated
to the BCP as illustrated in Figure 3.

The RHS

The fundamental choice of "intrinsic and ultimate
safety" as the underlying philosophy of the AMPS
reactor heat source design is deemed appropriate,
given the newness of the application, the short
time available for design, construction and
licensing, the limited SAGA crew assignment to
reactor operation, and the potential for future
remote operation. The principles of intrinsic and
ultimate safety focus on the avoidance of release
of fission products through maintaining acceptable
coolant conditions at all times during and after
reactor operation, by means intrinsic to the chain
reacting and cooling processes. These principles
are described in some detail by Pedersen (1) with
r-spact to the SECURE reactor, and are the design
bases for the SLOWPOKE power reactors (2,3). Small
reactors of this kind, including the AMPS reactor
heat source, bear a resemblence to a reactor
proposed earlier by C.B. Mills (4) and based on the
principles of minimum critical fissile mass.

The specific features to be incorporated in the

AMPS design, as the result of the intrinsic and
ultimate safety approach include:

i) near minimum critical mass; reflected,

i i) negative temperature coefficient of
r e a c t i v i t y for b o t h f u e l and
coolant/moderator,

i i i ) negative coolant void coefficient of
reactivity,

iv) low operating temperature and pressure;
conservative power density and heat flux,

v) pumped cooling under normal operation;
defaults to passive (convective) cooling,

vi) passive post-shutdown cooling,

vii) reserve of cool water as thermal ballast,

ix) fail-safe reactivity control mechanisms,-
engineered safety systems only to extent
necessary, and

x) long-term reactivity managment by fcurnable
poison.

A number of design constraints arise because the
AMPS reactor will be located on board a small,
mobile undersea vehicle. These constraints, not

Figure 4: Flow Diagram for the Preliminary ECP
Design
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encountered in land-based applications, arise from
the following circumstances:

i) artificially maintained reference pressure
when at depth,

i i) uncertainty and variability of g-vector
due to inertia! and gravitational forces,

i i i ) inaccessability of reactor containment
during missions,

iv) limited space calling for unique layout
and shielding design, and also restricted
magnitude of on-board thermal ballast,

v) variability of power demand, and

vi) limited number of crew available for
reactor operations.

A mitigating factor in the design i s the
opportunity for explo i tat ion of the sea for
auxiliary cooling in achieving ultimate safety.

At this writing, the design parameters and fuel
type are not firmly defined. However, Table 3
shows currently estimated values.

TABLE 3

iii) the e x p l o i t a t i o n of the unique
capabilities of SAGA-N in under-ice
exploration, resource recovery and srisea
equipment installation and service.

the development program currently underway calls
for the participation of a number of consultants,
designers and manufacturers working in
collaboration with ECS staff towards the
integration of flMPS with SAGA in 1988-89.
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AMPS Reactor Heat Source
Preliminary Design

Core

Nominal fission power (Mtf)
Core height, fuel only (cm)
Core diameter (cm)
Nominal operating

pressure (atm.)
Coolant outlet temp. (°C)
Core temp, rise (°C)
Coolant mass flowrate (kg/s)
Fuel enrichments)
Mass of U 2 3 5 (kg)
Fuel life (full power days)
Coolant/Moderator
Reflector, beryllium (cm)
Long term reactivity
compensation

Radiological Control

Parameters

1.5
38
43
1

-»90
10
33

<20
~9
1300
H,0
10

burnable poison

Primary coolant act iv i ty
Primary & secondary

gamnas
Primary Neutrons

delay tank

composite of Pb, H3O,
and B

CONCLUDING REMARKS

The SAGA-N project as a whole represents a
remarkable opportunity for Canadian technical
development along several avenues, including:

i) the extension of small reactor technology
to die marine environment,

i i ) the implementation of the principles of
intrinsic reactor safety design in a new
environment, and
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