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ABSTRACT
The operation procedures of CANDU reactors allow the main coolant pumps to
remain running for a finite length of time under two-phase flow conditions resulted
from loop depressurization. The two-phase performance of the main coolant pumps,
however, has not been properly characterized. A test program was thus initiated to
investigate systematically the two-phase performance of reactor coolant pumps.
The work presented in the present paper is part of a bigger research program with
the aims: (1) to produce high quality pump performance data under off-normal
operating conditions using both full-scale and model-scale pumps; (2) to advance our
basic understanding of the dominant mechanisms affecting pump performance based
on more detailed local measurements; and (3) to develop a 'best-estimate' or improved
two-phase pump model for use in reactor licensing and safety analyses.

1.0

INTRODUCTION

Two-phase performance of nuclear reactor pumps is of major interest to the reactor
operators under various loss-of-coolant accident scenarios resulting in loop
depressurization. As the primary heat transport loop depressurizes, the highenthalpy coolant flashes into a mixture of steam and water. When this two-phase
mixture passes through the pump, it can adversely affect the pump performance and
consequently, affects the ability of the pump to deliver coolant to the reactor core.
A substantial amount of experimental work has been performed in the past two
decades to investigate the behaviour of centrifugal pumps under two-phase flow
conditions [1-12]. However, essentially all the studies involved small scale model
pumps and in many instances, used low pressure air-water as the working fluid. The
type, size and internal geometry of the pumps used also tended to differ in the
studies. Consequently, substantially different test results were obtained.
To model the two-phase pump behaviour analytically is also difficult due to the pump
impeller geometry and the complicated two-phase flow phenomena involved.
Historically, empirical and semi-empirical models were developed based on curvefitting of available test data sets. The most widely-used two-phase pump model in
nuclear safety analysis has been the simple empirical model developed by Aerojet
Nuclear Corporation [13]. The ANC model which was developed based on data from
a small radial-flow type pump, however, is known to provide rather conservative
predictions.
Several analytical two-phase pump models which solve the one-dimensional equations
for each phase within the pump were published recently. The earlier models
neglected the compressibility and condensation effects [14, 15] whereas, the more
recent models incorporate the full effects of condensation and vapor phase
compressibility [16, 17].
Since the performance of full-scale reactor pumps under two-phase flow conditions
have never been properly characterized and the data are gravely needed for: (i)
providing a better data base for empirical pump model development and (ii) providing
needed test data for advanced analytical model development and verifications, a test
program was thus initiated in Ontario Hydro in collaboration with the Japan Atomic
Energy Research Institute in 1990 to investigate systematically the two-phase
performance of a full size CANDU reactor pump. The objective was to obtain a set
of high quality test data with detailed local two-phase flow parameter measurements
to properly characterize full-scale two-phase pump behaviour. Only first quadrant
(forward flow and forward rotation) tests were performed.

2.0

TEST FACILITY

The Pump Test Loop in Ontario Hydro Research Division (now Ontario Hydro
Technologies) with a Darlington NGS pump connected was used. Darlington NGS
pumps are vertical, single stage, single suction and double discharge centrifugal
pumps. Specifications of the Darlington NGS pumps are given in Table 1. A
schematic of the OHT Darlington Pump Test Loop is shown in Figure 1. The loop
was fabricated using 24" sch 120A106 (61.0 cm O.D., 51.8 cm I.D.) carbon steel pipes
except for the discharge and suction headers which used 36" sch 120A106 (91.4 cm
O.D.) pipes. There are three parallel inverted-U branches connecting the suction
header to the discharge header. Each branch features a flow-control valve and a
venturi (Figure 1). The loop was designed for operations up to 13.8 MPa and 316° C
in pressure and temperature respectively.
The test loop was extensively instrumented. A full complement of transmitters were
used to cover the process conditions in the flow loop. This included motor
parameters, pressures and temperatures at the pump suction and discharge, pressure
rise across the pump and Venturis for single-phase water flow measurements (Figure
1). For two-phase testing, special instruments were installed to measure the suction
and discharge void fractions as well as the suction mass fluxes. They are described
below:
A pump suction gamma densitometer which divides the cross-section of the
suction pipe into five parallel segments (Figure 1) and measures the local and
average dynamic void fractions at the pump suction [18];
A rake of five pi tot tubes across the diameter of the pump suction pipe (Figure
1) to measure the dynamic local velocity heads. Combined with the local void
fraction measurements, the two-phase mass fluxes or two-phase volumetric
flow rates at the pump suction can be deduced [19];
A pump discharge gamma densitometer which provides three chordal void
fraction measurements at one of the two discharge pipes (east leg). Since the
discharge gamma densitometer does not cover the whole cross-section area of
the pipe, no average void fraction at the the discharge pipe was obtained. The
device was used only as a void indicator.
A total of twenty-three (23) first quadrant two-phase flow tests were performed
covering a range of operating conditions. This included five loop temperatures (140°
to 260° C nominal), three initial single phase flow settings (80%, 100% and 120%
rated) and two speeds (28% and 100% rated).
The test procedures followed in the test program were: (1) pressurize the loop and
heat up the loop using pump motor heat; (2) adjust the settings of the flow control
valves (FCV1 to FCV3) to establish the desired initial single-phase water flow
conditions; (3) depressurize the loop to the corresponding saturation pressure by

bleeding after the desired loop temperature is achieved; (4) produce two-phase flow
conditions in the loop by bleeding slowly and continuously; (5) log all sensor signals
as the loop void increases; and (6) terminate the test when there is evidence that the
pump is free spinning or the loop vibrations become excessive.

3.0

RESULTS AND DISCUSSIONS

Two-phase tests with five nominal loop temperatures (140,170, 200, 230 and 260° C)
were attempted. However, for the two lower temperature tests (140 and 170° C) at
rated speed, the pump went into cavitation as soon as the loop was depressurized.
The tests were thus terminated without any measureable suction voids. No twophase test data were thus obtained for these two test conditions.
3,1

Transient Behaviour

The transient behaviour of the pump loop in response to a slow increase in loop void
resulted from continuous bleeding is shown in Figures 2 to 7. The test data which
were plotted at 1 sample per second, were for a typicl test at 260° C, 100% flow and
1800 rpm (rated).
Figure 2 gives the transient pump discharge pressure. It should be noted that the
loop was initially pressurized. Bleeding was initiated at about 25 seconds to
depressurize the loop. At 80 seconds, the loop achieved saturation conditions at the
suction side. Void was then created in the loop as bleeding continued. The discharge
pressure then decreased slowly in response to the increase in loop void. It should
also be noted that the pump discharge pressure is the sum of the pump suction
pressure and the pressure rise due to the pump. It approaches the pump suction
pressure towards the end of the test when the pump is fully degraded.
The averaged void fraction at the suction pipe is shown in Figure 3. It can be seen
that it starts to increase after the loop became saturated (at 80 seconds) and
continued bleeding resulted in void creation in the loop. It is interesting to note that
the averaged suction void increased and quickly achieved a maximum value of 40%.
This corresponded to the time when only about 8% of the loop inventory was drained.
Further draining of up to a loop inventory of about 35% did not increase the suction
void significantly. Similiar results were observed for all the other tests.
One of the most important parameters affecting two-phase pump performance is the
void distribution at the pump inlet. This is shown in Figure 4. Shown are the local
void measurements at Segments 1, 3 and 5 (i.e., Gl, G3 and G5 in Figure 1) at the
pump suction pipe. It should be noted that Gl and G5 represent the outer and inner
pipe segments downstream of the vertical elbow at the pump suction respectively.

Because of centrifugal forces, more water tends to flow to the outer part of the pipe
whereas, more steam appears in the inner radius when the two-phase flow negotiates
the elbow (Figure 4). The phase distribution at the pump inlet is thus highly nonuniform. It is suspected that this non-uniform distribution of phases at the pump
inlet may: (1) upset the balanced operation of the impeller blades and contributes to
pump vibration; and (2) encourage phase separation inside the pump and lead to
rapid pump head degradation.
The averaged two-phase mass flux at the pump suction was deduced by combining
the local void fraction and velocity head measurements. This is shown in Figure 5.
It can be seen that the averaged two-phase mass flux decreases steadily as the
suction void increases and the pump head decreases.
Figure 6 shows the transient pressure rise across the pump in MPa. The strong
influence of the suction void fraction on pump head is evident (c.f. Figure 3). The
pump head drops in response to increases in suction void and approaches the fullydegraded value at the end of the test.
The pump shaft torque is shown in Figure 7. Its transient behaviour is similar to
that of the pump head as the suction void increases with time.
3.2

Two-Phase Pump Performance

3.2.1 Effect of Temperature
The performance of the pump at different loop temperatures are shown in Figures 8
and 9. Figures 8 and 9 show the head and torque degradation as a function of
suction void respectively. It can be seen that the pump head degradation
characteritics are highly dependent on the loop temperature or pressure (Figure 8).
The pump maintains its head much better under two-phase flow conditions at higher
temperatures. At 260° C, the pump head drops slowly as suction void increases and
the pump retains over 75% its rated head up to a suction void of about 35%. The
pump head than drops rapidly in response to further increase in suction void (Figure
8). At 200° C, the pump head drops drastically almost as soon as void appears at the
pump suction. The pump loses 50% of its rated head before the suction void reaches
6%. The pump head then drops slowly up to a suction void of about 26% where the
pump head again drops rapidly and achieves the fully-degraded value at high suction
voids (Figure 8). Similar head degradation characteristics as a function of loop
temperature were also observed previously for smaller pumps [8, 12]. The
temperature effect, however, was less striking for the smaller pumps. The rapid
degradation of pump heads for the smaller pumps tended to appear at lower suction
voids for the higher temperature cases and higher suction voids for the lower
temperatures tests as compared to the full-scale pump data.

The pump shaft torque degradation characteristics are shown in Figure 9. The
temperature effect is again evident. The pump torque degrades more readily at lower
loop temperatures. Similar results were also observed for smaller pumps [8].
The two-phase head-flow characteristics are shown in Figure 10. Plotted in Figure
10 are the pump head in MPa and the two-phase mass flux as measured at the pump
suction pipe. Results for three loop temperatures are shown. The data points at the
upper right hand corner represent the initial pump operating conditions for singlephase water. Under two-phase flow conditions, the pump head degrades as described
above. The mass flux will also decrease due to decreases in fluid density and pump
head. The two-phase pump head thus drops with the mass flux from the single-phase
conditions at the upper right hand corner towards the fully-degraded two-phase
conditions at the lower left hand corner as the pump suction void increases. It is
interesting to note that the loop temperature has no discernible effect on the headflow curves under two-phase flow conditions.
3.2.2

Effect of Initial Flow Rates

The effect of initial flow on the pump head degradation characteristics is shown in
Figure 11 for the 260° C tests. Three initial single-phase water flow rates which
correspond to 80%, 100% and 120% of the rated flow were used. Different initial flow
rates were obtained experimentally by adjusting the flow control valves (FCV1 to
FCV3 in Figure 1). It can be seen that similar pump head behaviour was obtained
for all three flow conditions as the suction void increases (Figure 11). The initial
pump heads vary as given by the single-phase head-flow curve. The pump head
tends to degrade more readily at higher initial flow rates (e.g., 120% rated flow test).
It should also be noted that at high enough suction voids, the pump head curves tend
to merge into one.
The corresponding results for the pump shaft torque are given in Figure 12. The
effect of initial flow rates on the shaft torque appears to be small.
The two-phase head-flow curves for the three initial flow rates used are shown in
Figure 13. Again, the pump head drops with the mass flux as the suction void
increases. Since the pump starts off with very different initial flow conditions, this
difference persists in the two-phase head-flow curves throughout the tests. There is
indication, however, that the head-flow curves are getting closer together at high
suction voids.
3.2.3 Effect of Pump Speed
Reduced speed tests were also performed for the five nominal loop temperatures (140°
to 260° C) at 100% rated flows. Because of limitations of the test facility, the pump
could only be run at rated speed (1800 rpm) or reduced speeds below 500 rpm. The

reduced speed tests were thus performed at a speed of about 500 rpm (aN = 0.28).
At 500 rpm, the pump delivers only about 8% of its rated head (i.e., about 0.14 MPa)
and 30% of its rated flow (3.0 - 3.5 Mg/m-m-s). Tests on all five loop temperatures
were completed successfully. No cavitation problem which led to the termination of
the two lower temperature tests at rated speed was encountered. However, the
averaged void in the suction pipe was found to be much smaller for the reduced speed
tests. Averaged suction voids of between 4% (140° C test) to 12% (260° C test) were
obtained towards the end of the tests when more than 20% of the loop inventory has
been drained. The pump head, on the other hand, remained "high" (about 0.11 MPa)
throughout the tests. Since only very narrow ranges of suction void and pump head
were obtained for the reduced speed tests, no useful two-phase pump head
degradation data can be deduced.

4.0

CONCLUSIONS

Experiments on the two-phase performance of a full-scale reactor pump using the
OHT Darlington NGS Pump Test Loop were described. A set of high quality firstquadrant two-phase flow test data with local void fraction and mass flux
measurements at the pump suction was obtained.
It was found that the two-phase pump head degradation is highly dependent on the
operating temperature and pressure. At higher temperatures (260° C and above), the
pump head degrades much slower and maintains its head much longer as suction
void increases as compared to the lower temperature tests. Comparing with test data
from smaller pumps, it is evident that the effect of temperature is significantly
stronger for the full-scale reactor pump.
The effect of initial flow conditions on the two-phase pump performance was less
pronounced than that of temperature, it was found that the pump head degrades
more readily for the higher initial flow rate tests as suction void increases.
Two-phase tests at a reduced pump speed of 500 rpm were also performed. However,
no useful two-phase pump head degradation data was obtained.
Since a full-scale reactor pump was used in the present study, the test data thus
provide a more reliable data base for two-phase pump model development for
applications in nuclear safety and licensing analyses. The test data have been used
in the development of an ANC-type empirical two-phase pump model [20]. They were
also used in the development and verification of an analytical two-fluid pump model
[17].
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NOMENCLATURE
G
h
H
N
Q

mass flux, Mg/m-m-s
normalized pump head ( = H/HR)
pump head, MPa
pump rotation speed, rpm
volumetric flow rate, m3/s
rpm revolution per minute
T
temperature, ° C
a
void fraction
aN
normalized rotational speed ( = N/NK)
shaft torque, KN-m
r normalized
V
volumetric flow rate ( = Q/QR)
Subscripts;
R

rated condition

TABLE 1
SPECIFICATIONS OF DARLINGTON NGS PUMP
Rated Head:
Rated Flow:
Speed:
Specific Speed:
Impeller Diameter:
No. of Vanes:

224 m
3.1 m3 / s
1800 rpm
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77.0 cm
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1. ABSTRACT
A one-dimensional two-fluid model has been used to study the centrifugal pump head
degradation phenomena and to analyze the gas-liquid interaction within the pump impeller under
high pressure, steam-water two-phase flow conditions. The analytical model was used to predict
the two-phase pump head data for the small-scale and full-scale nuclear reactor pumps and the
predictions of the head degradation compared favorably with the test data for different suction
void fractions. The physical mechanisms responsible for head degradation were also investigated.
2. INTRODUCTION
In loss-of-coolant accidents in nuclear reactors, which usually result from a break in the
heat transport piping, the coolant may undergo rapid depressurization and form vapor-liquid twophase flow. The reactor pumps continue to circulate the two-phase mixture for a while,
however, the centrifugal pump head under two-phase flow conditions is known to degrade
drastically compared to that for single-phase flow. The degree of pump head degradation is
likely to depend on various physical, geometrical and thermal conditions of the system, but the
physical mechanisms responsible for the head degradation phenomena have not been well
understood.
Because of the difficulties associated with the analytical modeling of two-phase flow
performance of the centrifugal pump, most of the existing models or correlations for pump head
degradation are empirical. The deficiencies in these empirical models have been discussed by
Kim (1983) among others. The empirical correlations depend only on suction void fraction and
have not considered the effects of slip velocity, pump geometry and specific speed, condensation
and compressibility in determining the two-phase pump performance. For this reason,
establishing a widely applicable empirical correlation valid for centrifugal pumps of all sizes and
different impeller geometries is quite difficult and there is a clear need for an analytical model.
Hench and Johnston (1972) developed an analytical model for the calculation of twophase flow in a stationary two-dimensional diffuser. In their study, the pressure recovery
performance of straight-wall diffusers with the air/water mixtures was investigated. They used
a one-dimensional control-volume method for solving the continuity and momentum equations
for the gas and liquid phases. The flow was assumed to be steady-state and bubbly with no

condensation taking place within the diffuser. Zakem (1980) applied the same method to
straight-bladed impellers in a centrifugal pump. He developed an analytical description of the
gas-liquid interaction that occurs in a rotating impeller in order to predict the slip ratio.
Furuya (1984) used the same method as that of Zakem and developed an analytical model
which revealed several important features related to the basic mechanisms of two-phase pump
head degradation. His analytical model incorporated pump impeller geometry, void fraction,
flow slippage and flow regime into the continuity and momentum equations for gas and liquid
flowing through the pump impeller. The compressibility and condensation effects were
neglected in the first version, however, an improved version was developed by Furuya and
Maekawa (1987), which fully took into account the condensation effects and compressibility of
the vapor phase. One-dimensional control volume approach was used in their model, in which
the mass conservation equations for each phase, the momentum equations for the two-phase
mixture and the vapor phase, and the energy equation for the mixture were solved.
Minato and Yamanaouchi (1985) also developed an analytical model that solves the
momentum equation for each phase within the pump without condensation taken into account.
Their model predictions compared reasonably well with the steam/water test data obtained in
three model pumps.
Some experiments have been conducted in the past to examine the nature of two-phase
flow in small pump impeller passages and rotating ducts. Patel and Runstadler (1978) studied
the effects of rotation on two-phase bubbly flow through a rotating square duct. Manzano-Ruiz
and Wilson (1983) have reported observing bubbly and chum-turbulent flow regimes in an
unshrouded impeller as more air was supplied to the water flowing through the pump.
Minemura et al. (1993) recently measured void fraction distributions in a straight channel, which
was rotated around an axis perpendicular to the channel. By circulating a bubbly air/water
mixture through the 32 mm x 32 mm square channel, they reported significant variations in void
fraction in both the axial as well as transverse directions.
In the present work, a one-dimensional two-fluid model, similar to that of Furuya and
Maekawa (1987) has been used to predict the pump head and analyze the gas-liquid interaction
within the pump impeller under steam-water, two-phase flow conditions. The model was used
to predict the two-phase pump head data for small-scale and full-scale nuclear reactor pumps
obtained recently at Ontario Hydro's Pump Test Facility under high temperature/pressure, twophase flow conditions. In this paper the two-fluid model predictions are compared with the test
data for different suction void fractions. The test facilities and procedure are first described
briefly, followed by the model formulation and comparison of predictions with the data. Since
the large-scale pumps have never been tested under two-phase flow conditions previously, a
more detailed description of the full-scale pump tests and a complete set of experimental results
will be presented in a separate paper (Chan et al., 1994).
3. TEST FACILITIES AND DATA REDUCTION
Two geometrically similar types of centrifugal pumps have been tested at Ontario Hydro.
One was a low head (39.6 m) small-scale pump with a specific speed of 0.168, and the other
was a high head (224.2 m) full-scale pump with a specific speed of 0.164 which is identical to
those used in the Primary Heat Transport System of the CANDU nuclear reactors at Darlington
Nuclear Generating Station. The specifications of the two pumps are given in Noghrehkar

(1992). The tests have been performed in the first quadrant of the head-flow diagram and at
steady-state conditions.
3.1 Test Loop and Process Conditions
Two separate test loops with substantially different pipe sizes were used in the present
tests. The description of the small-scale pump test loop can be found elsewhere (Chan et al.,
1991). The test loop configuration for the full-scale pump tests is shown in Figure 1. The
operating temperature and pressure of the test loop were varied from 110°C/0.15 MPa to
280°C/6.4 MPa. The initial single-phase flow rates at each temperature/pressure were set at
80%, 100% and 130% of the pump's rated flow. The suction void fraction was measured using
a five-beam, five-detector gamma densitometer specially designed for a 24-inch pipe. The
design and calibration of the five-beam gamma densitometer have been described by Chan
(1992).
3.2 Data Reduction
In reducing the two-phase pump head data, the water density, p,, and steam density, pv
were computed at the suction temperature of the pump under saturated conditions. The twophase mixture density at the suction of the pump can be obtained from the following equation.
p 2 + =p f f a+(l-a)p J

(l)

The two-phase pump head is calculated as the ratio of the static pressure difference across the
pump to the two-phase mixture density obtained from Eq.(l).
Normalized pump head is usually defined as the ratio of the pump head to the rated head,
HR. In the present study, in order to have a better comparison between the model predictions
and experimental data, the normalized head is defined as the ratio of the two-phase pump head,
HT, to the single-phase pump head, H,, at the same suction pressure/temperature.
4. TWO-FLUID MODEL
4.1 Conservation Equations
The basic development of the present two-fluid model parallels the work done by Furuya
and Maekawa (1987). The conservation equations derived for the present study include the
continuity equations for the liquid and gas, momentum equations for the liquid, gas and twophase mixture and an energy equation for the two-phase mixture. These equations were
formulated assuming steady, one-dimensional, adiabatic flow of incompressible liquid and
compressible gas through a pump impeller flow passage between neighboring blades. The liquid
and gas were also assumed to be in thermodynamic equilibrium and viscous effects and other
non-mechanical losses as well as gravitational effects were neglected.
A one-dimensional control volume is defined by "z" denoting the arc length along the
stream line which is parallel to the impeller blade profile, "A" denoting the cross sectional area
normal to the direction of "z", and radial distance from the shaft axis, "r". In the derivation
of the governing equations, the product of the cross-sectional averages of the various quantities
was assumed to be equal to the average of the products.
The continuity equations for the liquid and gas are given by,

dz

dz

^

]

(3)

where 5w is the rate of vaporization/condensation per unit flow path length.
The momentum equations for the gas and liquid are given by,

CO

and

where the virtual mass force is considered using formulations by Drew et al. (1979) and Wallis
(1969), and centrifugal force is also included.
The equations (4) and (5) can also be added to yield the momentum equation for the twophase mixture,
dz

d[p,(l-a)u?]
dz

_ rin ,
dz Lr*

..
r i l

.,
"

, . Hr
dz

(6)

Using the energy equation for the two-phase mixture as given by Furuya and Maekawa
(1987) and the mechanical energy equations for the gas and liquid which can be obtained by
multiplying Eq. (4) and (5) by u, and u, respectively, an expression for the
vaporization/condensation rate, 5w, can be derived as follows (Noghrehkar, 1992).

The virtual mass term in the above equation contains the liquid density and is different from that
given by Furuya and Maekawa (1987) containing the vapor density. From a physical view
point, the present formulation is more appropriate for bubbly flows as it accounts for the
acceleration of the liquid surrounding the vapor bubble, which is the virtual mass effect.
In the present model, Equations (2), (3), (4), and (6) were solved along with the
condensation rate equation (Eq. 7) and constitutive equations described below using the RungeKutta method to investigate the pump head degradation mechanism under steam-water two-phase
flow conditions.
3.2 Flow Regimes and Constitutive Equations
Bubbly and churn-turbulent flow regimes were considered to be the main flow regimes
occurring within the pump impeller flow channels under steam/water two-phase flow conditions.
We could assume stratified flow pattern in the impeller passage, however, little work has been
done on the flow pattern identification in centrifugal pumps at high pressure/temperature even
in small-scale pumps and to the authors1 knowledge, no reliable information is yet available on
two-phase flow in full-scale centrifugal pumps.
In the present calculations, the bubbly flow regime was assumed to exist when the local
void fraction is less than 0.25 and the ratio of drag coefficient to bubble radius, Cd/Rb, was taken
to be 340.2 m 1 as originally used by Hench and Johnston (1968) for a flow in a diffuser. The
value of the virtual mass coefficient, C ^ , for bubbly flow was set at 0.5.
If the local void fraction is greater than 0.35, the flow regime was assumed to be churnturbulent and the value of Cy,,,, which applies only to discrete bubbles, was set to zero. For the
ratio of drag coefficient to bubble radius, Cd/Rb, in churn-turbulent flow regime, Zuber and
Hench (1962) suggested the following empirical correlation,
^

l

-

a

)

3

(8)

where Cd/Rb is given in m 1 .
For transition between the bubbly and churn-turbulent flow regimes, the values
and Cv,,, were obtained by linear interpolation between their respective values at a = 0.25 and
a = 0.35. Sensitivity of the model predictions to the particular values of 0,/Rb and C^,,, and the
flow regime transition criteria used was also investigated and will be discussed in a later section.
The constitutive relations described above were used for both small and large scale
pumps, although their applicability, especially to the larger flow passages in full-scale pumps,
has not been fully established. The effect of scale is still an unresolved issue for two-phase flow
even in straight pipes, as there are few data taken in such large channels. Thus, the approach
taken here was to use the constitutive relations that would work for the smaller pump and see
if there are any discrepancies between the predicted and measured results for the large-scale
pump; if there are notable differences, then they could be attributed to the scale effect.

4.3 Two-Phase Pump Head Calculations
In various two-phase pump experiments conducted previously, only the static pressure
difference between the suction and discharge of the pump was used and the dynamic heads at
the inlet and outlet of the pump were neglected.
In the present analysis, the dynamic heads at the inlet and outlet of the pump impeller
were considered to be significant, and it was decided to include this portion of energy for
calculating the two-phase pump head as follows,
(9)

where the subscripts 1 and 2 refer to the pump suction and discharge, respectively. The absolute
gas and liquid velocities in Eq. (9) can be obtained from the velocity triangles at the inlet and
outlet of the pump impeller (Figure 9).
The values of P2, a2, uD and u,2 obtained from the solution of the two-fluid model for a
given set of initial conditions were used along with the qualities x, and x2 corresponding to the
void fractions c^ and a2. Since the inlet quality was not directly measured, it was estimated
from the suction void fraction using a void fraction-quality correlation given by Smith (1970).
5. EXPERIMENTAL RESULTS AND COMPARISON OF MODEL PREDICTIONS
Two-phase pump head degradation data and head-flow characteristics for the small-scale
pump have been previously discussed by Chan et al. (1991), so the present discussion will focus
on the large pump data as much as possible.
The head degradation test data are plotted against suction void fraction for the small and
large pumps in Figure 2. Similar head degradation trends are observed for both pumps,
however, the threshold suction void fraction, at which the pump head starts to degrade rapidly,
is significantly higher for the large pump than the small pump. It was shown in Noghrehkar
(1992) that under two-phase flow conditions, there exists a good agreement between the headflow characteristics of the two pumps which have the same specific speed. Although the specific
speeds, number of blades and exit blade angles of the two pumps were nearly the same between
the two pumps tested, the scale and the impeller blade profiles were quite different.
As a
result, the two-phase flow characteristics or flow regimes may have been different between the
two pumps, which can lead to somewhat different head degradation characteristics between the
two pumps as a function of suction void fraction.
The two-fluid model described earlier was used to predict the two-phase head degradation
for the two geometrically similar centrifugal pumps operating under steam/water two-phase flow
conditions. It should be noted that the present model was applied to the pump impeller flow
passage only and did not calculate the flow through the pump volute between the impeller and
discharge nozzle. In addition, calculation of the circulation loss for two-phase conditions is not
well established, so that a direct comparison of the magnitudes of the predicted head or pressure
increase between the inlet and outlet of the pump impeller, and the measured head between the
suction and discharge of the pump which includes the circulation loss is not feasible. However,
the model's validity can be checked by examining the head variation as a function of suction
void and the threshold void fraction at which rapid degradation in head occurs.

Figure 4 shows the normalized pump head predicted by the present model compared with
the data obtained at 230°C and 260°C for the small pump and at 260°C and 280°C for the large
pump.
The predicted and experimental results for pump head degradation are in good
agreement, particularly for the small pump at the 100% initial flow rate. The trend in the
measured variation in two-phase pump head as a function of suction void fraction is in general
predicted reasonably well by the present analytical model, i.e., a slight increase in pump head
at low suction void fractions, then a sudden drop at the threshold void fraction.
5.1 Two-Phase Flow and Heat Transfer Phenomena
From a detailed examination of the calculated variations in void fraction, pressure, vapor
and liquid velocities, and condensation rates along the flow path, one can obtain a better
understanding of the two-phase flow and heat transfer taking place in the pump impeller, and
also determine the physical mechanisms responsible for the two-phase head degradation
phenomena. An initial increase in the two-phase pump head at low suction void fractions (a,
< 25%) can be explained as follows: as the steam-water mixture flows through the impeller
channel, the pressure increases and condensation will take place. The condensation of vapor
within the pump impeller channel increases the effective flow area for the liquid phase and thus
decreases the relative liquid velocity at the pump outlet compared to the single-phase liquid flow
case. This is illustrated by the predicted variations in the liquid velocity along the impeller flow
passage shown in Fig. 3 for the cases of two-phase flow at 22% suction void and single-phase
liquid flow. The velocity triangle (Figure 9) at the outlet of the pump shows that the reduced
relative velocity of the liquid leads to an increase in the tangential component of the absolute
velocity, thus generating a pump head even greater than the corresponding single-phase liquid
flow (based on the Euler's pump head formula).
Figure 7 shows the measured discharge and predicted void fractions versus suction void
fraction at 230°C and 260°C and at 100% initial flow rate for the small-scale pump. For
suction void fractions less than 20%, it is seen that the measured pump discharge void fractions
are less than 1%, due to condensation taking place along the flow passage. At the same
conditions, the analytical results obtained from the present model for small-scale and full-scale
pumps also show that for suction void fractions up to 25%, vapor is completely condensed even
before reaching the exit of the pump impeller. Heidrick et al. (1978) have also shown
experimentally that for suction void fractions less than 20% the vapor could be condensed totally
to liquid and a single-phase liquid flow would be observed at the pump discharge. On the other
hand, in two-component gas-liquid flow through the pump with no condensation, Furuya's
(1984) calculations have shown that the local void fraction simply increases due to the two-phase
slip effect and the head degrades without first increasing as the pump suction void increases.
Thus, condensation of vapor is the key to explaining the head increase for suction void less than
the threshold value.
For the pump suction void fractions greater than the threshold void fraction, condensation
is no longer complete and a sudden pump head degradation can occur. This head degradation
will be clearly understood by examining the local two-phase parameters obtained with the present
two-fluid model. Figure 6 shows the variations in local void fraction and relative velocities of
the gas and liquid along the impeller flow path at 280°C and 100% initial flow rate with the inlet
void fraction, a,, as a parameter. It can be seen from Figure 6a that for an inlet void fraction,
a,, less than 30% the local void fraction along the flow passage increases slightly at first due

to the slip between the phases, but subsequently decreases due to condensation taking place
within the flow passage. This range of void fraction decrease corresponds to that for two-phase
head increase. For suction void fractions larger than the threshold value ( a , * 25%), the local
void fraction rapidly increases along the flow channel (Figure 6a) due to an assumption that the
two-phase flow regime changes into churn turbulent flow and the interfacial drag term becomes
much smaller than that for bubbly flow case. When the local void fraction increases, the gas
velocity has to decrease (Figure 6b) and the liquid phase has to accelerate (Figure 6c) in order
to maintain the total mass flow rate constant. The acceleration of the liquid phase at the pump
outlet reduces the tangential component of the absolute velocity of the liquid (Figure 6) and
severely degrades the pump's two-phase head.
Furuya (1984) has also suggested that the major mechanism responsible for the two-phase
pump head degradation is the acceleration of the liquid phase within the pump impeller channels
compared to the single-phase liquid velocity. For non-condensible gas-liquid two-phase flow,
the velocity of the liquid at the discharge of the pump is larger than that for a condensible twophase system (for the same pump suction conditions). The increased velocity of the liquid due
to a lack of condensation effect explains why the pump head degrades more severely in a noncondensible two-phase system than in a condensible system.
5.2 Temperature Effect on Head Degradation
The condensation effect can also explain why the pump head degrades much less and why
the threshold void fraction is higher at higher system temperatures and pressures, as evident in
Figure 4. The figure displays the measured and calculated normalized pump head versus
suction void fraction at 230°C/2.8 MPa and 260°C/4.7 MPa for the small pump and at
260°C/4.7 MPa and 280°C/6.4 MPa for the large pump. Both the experimental data and the
analytical results obtained from the present model show that the two-phase pump head degrades
less at higher system temperature/pressure. Kastner and Seeberger (1983) have also shown in
their work that the pump head degrades much less at a higher two-phase system
pressure/temperature. It is also seen in Figure 4 that the measured and calculated threshold void
fractions are both greater at a higher system temperature/pressure.
In order to understand why the threshold void fraction is higher at higher system
temperatures, the local flow parameters obtained in the present calculations for the small pump
were examined in detail. Figures 7 and 8 show the changes in local pressure, void fraction,
vapor condensation rate, and relative velocities of gas and liquid at 230°C and 260°C for the
same suction void fraction (a, = 22%). The two-phase mass flow rates used in these
calculations were taken from the actual test data at 100% initial flow rate.
Now, the local pressure and vapor condensation rate along the pump impeller channel
at 260°C are greater than those at 230°C (see Figures 7 and 8). At 230°C, the local void
fraction (Figure 7) and the liquid velocity (Figure 8) rapidly increase while the velocity of the
gas (Figure 8) decreases along the pump impeller channel. This indicates that the pump head
is degraded at this temperature for a suction void fraction of 22%. On the other hand, at 260°C
the vapor condenses completely within the pump impeller before reaching the exit of the pump
(Figure 7) due to much higher vapor condensation rates experienced along the flow passage
(Figure 8). As a result, the velocities of the liquid and gas both decrease (Figure 8), which
means that the pump head increases compared to the single-phase liquid flow. Thus, the higher
rate of vapor condensation at the higher system temperature/pressure gives rise to a greater
8

threshold void fraction.
5.3 Sensitivity Study
Hench and Johnston (1968) have shown that the pressure recovery in a diffuser is not
sensitive to the bubble size and drag coefficient for bubbly flow. They have also shown that a
significant error (of the order of ±50%) in the determination of bubble size or drag coefficient
does not greatly affect the final results. Although not shown here, the sensitivity of the
predicted two-phase pump head to bubble size and drag coefficient for bubbly flow regime was
found to be quite small as well in the present work (Noghrehkar, 1992).
The effect of the virtual mass coefficient on the predictions of the present two-fluid model
was also investigated. The value of the virtual mass coefficient, C ^ , used in the present model
was 0.5, and this value was changed to 0.25 and then to 0, keeping the other parameters
constant. The effect of C ^ on the predicted pump head degradation was seen to be insignificant
(Noghrehkar, 1992).
It was also assumed that the bubbly and churn-turbulent flow regimes existed for a <
0.25 and a > 0.35, respectively. This assumption was acceptable for the small pump, as the
predictions matched the experimental data quite well. However, the threshold void fractions were
significantly underpredicted for the large-scale pump. In order to clarify the importance of the
two-phase flow regimes, the effect of flow regime transition criteria on pump head and threshold
void fraction for the large pump is shown in Figure 10. The predicted threshold void fraction
is seen to increase with a wider range of void fraction for the bubbly flow regime. Clearly, the
constitutive relations that were seen to work well for the small-scale pump are inadequate for
the large-scale pump in predicting the onset of two-phase head degradation. The flow passage
between the impeller blades in the full-scale pump is much larger and the gas and the liquid
phase distribution may be significantly different from that in the small-scale pump. The higher
threshold void fractions measured in the large-scale pump tests suggest that the condensation rate
remains high in the large pump even at those local void fractions (25% < o < 35%), at which
the flow in the small pump would experience lower rates of condensation and acceleration of
liquid that causes two-phase head degradation.
The present two-fluid model calculations assumed occurrence of bubbly and churnturbulent flows instead of the stratified flow regime, in which vapor and liquid would flow as
two separate streams sharing a smooth or wavy interface. While we can not deny the possibility
of stratification of the flow in the larger flow passage, the factors such as the persistence of high
rates of condensation, large momentum coupling between the vapor and liquid so that the liquid
does not accelerate, and continued increase in the head to higher values of suction and local void
fractions in the large pump do not lend support to the stratified flow assumption. A recent
experiment work by Minemura et al. (1993) using a horizontal, radially rotating 32 mm x 32
mm square duct has shown that the air/water two-phase flow in that flow channel displays
significant non-uniformity in void fraction distributions in the transverse as well as in axial
directions. This means that even if the local void fraction is substantially high at a given axial
location in the impeller, we could have a high-void fraction flow regime such as churn-turbulent
flow and low-void fraction bubbly flow co-existing at that location. If this is the case, the local
condensation rate could remain high due to the presence of the bubbly flow regime and the head
continue to increase even though the void fraction is well above that assumed for transition from
a bubbly to chum-turbulent flow (a = 25% - 35%).

Although there should be some differences between the low-pressure air/water flow and
high-pressure steam/water flow, it is reasonable to think that similar two-dimensional void
fraction variations and simultaneous appearance of two different flow regimes at the same axial
location could have existed in both small and large pumps tested in this work. Since this twodimensional void distribution effect would be more profound in larger flow channels, the effect
of pump scale or the impeller size may pose a more complicated problem to two-fluid modelling
than simple changes in flow regime transition criteria. The assumption of one-dimensional flow
and a given flow regime at any axial location may not be valid for modeling the two-phase flow
in large flow channels such as the present full-scale pump. Clearly, more work is needed to
better understand the two-phase flow phenomena in full-scale pumps.
6. CONCLUSIONS
Based on the experimental data and the predictions of the present two-fluid model, the
centrifugal pump performance under high pressure steam-water, two-phase flow conditions and
the gas-liquid interaction within the pump impeller have been investigated. The predicted results
for two-phase pump head degradation were seen to be in good agreement with the experimental
data and the variations in the measured pump head as a function of suction void fraction were
predicted reasonably well by the present analytical model, i.e., a slight increase in pump head
at low suction void fractions, then a sudden drop at a threshold void fraction. The trends in the
measured and predicted head degradation results were also the same for both the small and largescale pumps, however, the threshold void fraction for the large pump (a « 35% - 40%) was
significantly higher than that of the small pump (a « 20% - 25%).
Within the ranges of system temperature/pressure tested, both the analytical results and
experimental data showed that for low suction void fractions below the threshold void fraction,
the vapor phase is completely condensed inside the pump impeller and the head increases, while
at higher suction void fractions, condensation is no longer complete and the pump head begins
to rapidly decrease. The two-fluid model calculations further showed that the initial head
increase at low suction void fractions is due to the deceleration of liquid as vapor is removed
by condensation within the impeller, and that the head degradation phenomenon is related to the
acceleration of the liquid phase due to rotation and void increase within the pump impeller.
Thus, vapor condensation and liquid acceleration due to rotation compete with each other to
determine the pump head variation in two-phase flow.
Finally, both the experiments and two-fluid model calculations have shown that the pump
head degrades less at a higher system temperature/pressure for both small and large pumps, and
the model attributed this phenomenon to greater condensation rates experienced inside the
impeller at higher system temperature/pressure.
NOMENCLATURE
A
cross sectional area of the pump blade flow passage, m2
Cd
drag coefficient
Cy,,, virtual mass coefficient
g
gravitational constant, m/s2
H
pump head, m
m
mass flow rate, kg/s
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p
static pressure, Pa
Rb
gas bubble radius, m
u
relative velocity, m/s
v
absolute velocity, m/s
vu
tangential component of v, m/s
x
quality
z
coordinate along the flow path
Greek Symbols
a
void fraction
6W
rate of liquid vaporization per unit flow path length, kg/m.s
AH2^ two-phase pump head increase, m
p
density, kg/m 3
to
angular velocity of the pump impeller, rad/s
Subscripts
R
rated
s
single-phase
T
two-phase
20
two-phase
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MODELLING RD-14 PUMP PERFORMANCE IN TWO-PHASE FLOW
G.R. McGee
Thermalhydraulics Branch
AECL Research, Whiteshell Laboratories
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1. ABSTRACT
A program is currently under way to provide a model suitable for more accurately predicting
the behaviour of the RD-14 primary-loop pumps under two-phase flow conditions. This
model will enhance understanding of transient phenomena observed in RD-14 or RD-14M
experiments and improve the accuracy of both pre-experiment predictions and post-experiment
analyses.
This paper reviews the work completed to date in this program. This includes a review of
relevant literature, examination of available measurements, and evaluation of candidate
models. As a result of this process, one analytical model was chosen for implementation and
detailed evaluation. The results of this evaluation are presented, along with recommendations
as to possible future directions for the program.

2. INTRODUCTION
The RD-14 thermalhydraulic test facility [1] is a full-elevation representation of a CANDU1
primary heat transport system, designed to produce similar fluid mass flux, transit time,
pressure and enthalpy distribution in the primary system as in a CANDU reactor. The facility
consists of horizontal heated sections representing reactor fuel channels, two steam generators,
two pumps, and four headers arranged in a figure-of-eight similar to the CANDU primary heat
transport system geometry. In 1988, each of the two heated sections was replaced with five
reduced-power heated sections connected in parallel. This new facility, named RD-14M, has
the same total power capacity, and uses the same pumps and steam generators as the previous
RD-142 facility.
In parallel with the main RD-14M experimental program, several smaller programs are in
place to investigate and enhance understanding of the behaviour of individual RD-14M
components. This paper describes one of these programs, an effort to provide a model capable
of predicting the behaviour of the RD-14 primary-loop pumps under two-phase flow
conditions.
1
2

CANada Deuterium Uranium, registered trademark of AECL
The discussions contained in this paper refer only to the RD-14 pumps, although they
apply equally to either RD-14 or RD-14M.

The performance of centrifugal pumps in two-phase flow has been the subject of many
research projects, beginning in the early sixties. Clearly, the first step in the present program
was to collect and review the published results of these projects. Based on this review, several
models were selected for further evaluation. Data on the two-phase performance of the RD-14
pumps were reviewed, and used to evaluate the candidate models. Finally, one analytical
model was selected for detailed assessment.
This paper summarizes the reviews of available models and data. A detailed discussion of the
derivation and evaluation of the analytical model is provided. Finally, recommendations are
provided as to possible future directions for the program.

3. LITERATURE REVIEW
A survey of journal articles, conference papers, reports and textbooks dealing with two-phase
flow in centrifugal pumps was conducted. Over 120 documents were collected and reviewed,
searching for information relevant to modelling the RD-14 pumps.
Several of the documents collected described fundamental experiments conducted to probe the
underlying physical phenomena occurring in a pump in two-phase flow. An important
observation from these experiments [2,3,4] was that the degradation of pump performance
coincided with a flow regime transition within the pump impeller, from well-mixed, bubbly
flow to separated flow.
From the collected literature, seventeen different models used to predict the two-phase
performance of centrifugal pumps were identified. Of these, three were recommended for
further detailed study: the semi-empirical models developed by the Massachusetts Institute of
Technology (MIT) [5] and by Kraftwerk Union AG (KWU) [6], and the analytical model
developed by the Electric Power Research Institute (EPRI) [7]. It was also recommended that
the empirical model developed at Aerojet Nuclear Company (ANC) for the RELAP code [8]
should be evaluated, since it is traditionally the most commonly used two-phase pump model.

4. MEASURED RD-14 PUMP PERFORMANCE
Extensive two-phase, steady-state experiments were conducted at Westinghouse Canada
Limited, Atomic Power Division (currently Stern Laboratories, Inc) in 1983 and 1984. In
these experiments, the performance of one of the RD-14 pumps was measured over a range of
pressures, impeller speeds, volumetric flows and void fractions.
These experimental results were examined for possible use in evaluating the candidate models.
It was concluded that model evaluation could proceed based on the available steady-state data,
in the operating ranges where sufficient data were available. However, it was noted that the
evaluation should proceed cautiously, due to the extreme scatter observed in these results.

Throughout this paper, the performance measured by Westinghouse at an operating pressure of
4.5 MPa, in the first quadrant of operation (positive flow and impeller rotation) will be used to
illustrate the accuracy of the various models.

5. MODEL EVALUATION
5.1 ANC/RELAP Model
The ANC/RELAP model [8] is based on the premise that pump head in two-phase flow (hlp) is
bounded by single-phase (hsp) and 'fully-degraded' (hfd) two-phase performance curves.
Variation between these bounds is represented by a multiplier function (M) that depends on
inlet void fraction (or) alone:
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In the above equation, Q is the volumetric flow and 0) is the impeller rotational speed. To
apply this model, correlations for hspf hfd and M must be determined from the measured
performance. Polynomial functions representing the single-phase and fully-degraded twophase head and degradation multiplier were determined for the RD-14 pump. These are given
below, for the first quadrant of pump operation (0.1 < 6 < 1.3):
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The subscript R indicates the value at the rated, or best efficiency, condition. The coefficients
appearing in these polynomials were determined using linear least-squares regression.
Figure 1 compares the measured performance of the RD-14 pump with that predicted by the
ANC/RELAP model for operating points near the rated condition (u/fcfc - 1,
0.8 < Q/QR £ 1.2). As shown in Figure 1, the model predicts the pump performance
reasonably well on average, but the uncertainty is unacceptably large. This uncertainty is
attributed to two factors. First, the available data contain a large amount of scatter. Second,
the purely empirical nature of the ANC/RELAP model may not include the functional
dependence of the pump performance on all relevant parameters.
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FIGURE 1:

Variation of Predicted Head with Inlet Void Fraction for ANC/RELAP
Model for Flows Between 80% and 120% of Rated Operating Point

5.2 MIT Model
The MIT model [5] assumes that the pump performance can be represented by a ratio of
single-phase to two-phase losses:
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Algebraic expressions can be derived for the theoretical single-phase (hspth) and two-phase
(htpth) heads. This derivation shows that the head-loss ratio depends (for a given pump) on the
void fraction, operating point (i.e., flow rate and impeller speed) and fluid pressure. The headloss ratio is then computed from the theoretical and measured heads, and correlated against the
dependent variables.
As the available data for the RD-14 pump appeared not to have a strong dependence on system
pressure, the head-loss ratio was correlated against void fraction for bands of operating point
(8). These correlations provided marginally better predictions of the measured performance,
as compared to the ANC/RELAP model. The improvement is probably due to the
consideration of dependence on both void fraction and operating point.

5.3 KWU Model
The KWU pump model [6] assumes that the difference between single-phase and two-phase
performance is due to three effects: separation of the two phases, slip between the two phases,
and the extreme compressibility of condensable two-phase flows. It was further postulated
that these effects could be accounted for by linear superposition. While this approach initially
seemed very promising, there seemed to be no way of arranging the measured data such that
the three effects could be identified independently, and correlated from the Westinghouse test
data.
5.4 EPRI Model
The analytical model developed by EPRI [7] provides a complete formulation of the
steam/water flow through a centrifugal pump impeller, including compressibility and
condensation effects. Performance predicted by this model compares well with experimental
data from several pumps, for flow conditions near the design point.
In addition, this model provides an explanation for the physical phenomena occurring within
the pump, which the empirical and semi-empirical models do not. Thus the EPRI model best
addresses the goal of this study, to investigate and enhance understanding of the behaviour of
individual RD-14M components.
Based on model predictions, Furuya [7] found that the degradation in performance under twophase conditions coincides with stagnation of the vapour phase against the static pressure
gradient. These conclusions are supported by observations reported in fundamental studies of
pump two-phase flow [2,3,4]. Unfortunately, detailed documentation of the derivation and
implementation of this model is not available in the open literature.
Recently, an analytical model has been presented [9,10] that parallels the work of Furuya and
Maekawa [7]. This model uses continuity equations for the liquid and vapour, momentum
equations for the liquid and vapour, and an energy equation for the mixture to describe the five
variables (pressure P, void fraction a, liquid relative velocity uf, vapour relative velocity ug
and the vapour generation rate T). The model assumes steady, adiabatic, one-dimensional
flow of incompressible liquid and compressible, condensable vapour through the pump
impeller flow passages. The two phases are assumed to be in thermodynamic equilibrium.
Viscous and gravitational effects, and other non-mechanical losses are neglected.
The flow is assumed to follow a one-dimensional, curvilinear streamline, z, that parallels the
impeller blade profile. It is assumed that this impeller profile is known, along with the crosssectional area (A) of the flow passage normal to the direction of z.
Conservation of mass for the liquid and vapour requires that:
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where p f and p g are the liquid and vapour densities, in kg/m3. The momentum equations for
the gas and for the two-phase mixture are:
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where C vm is the virtual mass coefficient, r is the radius of rotation, C d is the bubble drag
coefficient and Rb is the bubble radius. By manipulating the liquid and vapour momentum
equations, and the mixture energy equation, an expression can be derived for the vapour
generation rate:
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where ef and e_ are the specific enthalpies of the liquid and vapour, in J/kg. In addition to
equations 7 to 11, a full description of the two-phase flow through the pump impeller requires
state equations for the fluid properties, constitutive relations for C^Rj, and C vm , a geometric
description of the pump impeller (radius (r) and area (A) of each position along the streamline,
and their derivatives) and initial values of the dependent variables.

6. IMPLEMENTATION
The EPRI analytical model was selected for detailed implementation and testing against the
available data. This model was selected over the ANC/RELAP and MIT models because it
provides the best tool to investigate and enhance understanding of the behaviour of individual
RD-14 and RD-14M components.

Noghrehkar and Kawaji have developed a computer program to evaluate their formulation of
the EPRI model [9]. With their assistance, this code has been adapted to predict the two-phase
performance of the RD-14 pump. This adaptation required specification of a set of
constitutive relations, a geometric description of the impeller, and inlet conditions. Each of
these is discussed separately below.
In the initial implementation of the model for the RD-14 pump, the flow regime map and
constitutive relations used by Furuya [7] and Noghrehkar [9,10] were retained. For local void
fractions less than 0.25, the bubbly flow regime was assumed to exist. For local void fractions
above 0.35, the churn-turbulent regime was assumed. Separate constitutive relations are used
to provide the virtual mass coefficient (Cvm) and the ratio of drag coefficient to bubble radius
(Cd/Rb) in each flow regime. In the transition region (0.25 < a < 0.35), the values of C vm and
were determined by linear interpolation.
The effect of these assumptions was then tested parametrically. The results of this
investigation are summarized later in this paper.
Using drawings and specifications generously provided by Sulzer-Bingham Pumps Inc. (the
RD-14 pump manufacturer), values of the radius of rotation (r) and cross-sectional area (A)
were estimated at discrete locations along the streamline (z). Using a cubic spline
interpolation technique, these estimates were adjusted to provide smooth values of both the
functions (r and A) and their derivatives (dr/dz and dA/dz).
Tables of r, a, dr/dz and dA/dz are provided to the model at over twenty discrete locations
along the streamline. Values required by the model at any value of z are determined by linear
interpolation within these tables.
The analytical model (equations 7 to 11) contains four independent variables: the pressure P,
the void fraction o, and the vapour and liquid relative velocities ug and uf. Values for each of
these must be specified at the pump inlet. Usually, the pressure, void fraction and total
volumetric flow are known at the pump inlet. From these three parameters, the relative
velocities were calculated using:
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where n is the number of impeller flow passages or vanes, and x is the steam quality. Smith
[11] recommends the following empirical relation between quality, saturation densities and
void fraction:
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where the parameter k has a value of 0.4.

7. PERFORMANCE PREDICTIONS
Figures 2,3 and 4 show the variation of local void fraction, vapour velocity and liquid velocity
along the streamline as predicted by the analytical model, using a high-order Verner-RungeKutta method to integrate the equation set. The cases shown are for flow through the RD-14
pump impeller at the rated conditions (w/fc^ - Q/QR =1). The velocities have been
normalized using the velocity at the impeller inlet. The streamline position has been
normalized using the value of z at the impeller exit.
For these flow conditions and inlet void fractions less than 0.23, the model predicts that the
vapour phase completely condenses within the pump resulting in single-phase liquid
conditions at the exit. For inlet void fractions above 0.23, the model predicts that the vapour
velocity steadily decreases through the impeller (except for an initial rise due to a reduction in
flow area) due to the increasing static pressure. Continuity forces the void fraction to increase
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FIGURE 2: Local Void Fraction Profiles Predicted Using EPRI Model
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FIGURE 3: Vapour Velocity Profiles Predicted Using EPRI Model
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FIGURE 4: Liquid Velocity Profiles Predicted Using EPRI Model
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as the vapour velocity decreases. The liquid velocity must then increase since it is being
squeezed through a decreasing area. According to Furuya, this "choking" of the liquid is the
cause of the dramatic head degradation experienced by pumps operating in two-phase flow.
Figure 5 compares the measured and predicted two-phase heads for conditions near the rated
operating point (GJ/WR = 1,0.8 < Q/QR < 1.2). In this figure, the measured and predicted
single-phase heads at the rated condition have been used to normalize the measured and
predicted two-phase heads.
The present model considers only the pump impeller. No prediction is made of the effect on
the flow of other pump components, such as the diffuser and volute casing. Also, viscous
effects and other non-mechanical losses that may be significant have been neglected. Thus the
present model cannot be expected to accurately predict the actual pressure rise in the fluid as it
passes through the pump. However, by including the velocity effects and normalizing using
the single-phase predicted head, a qualitative assessment of the validity of the present model
can be made.
Figure 5 shows that, similar to the measured trend, the model predicts a modest increase in
head for low void fractions, head degradation for intermediate void fractions, and gradual head
recovery towards the single-phase value for high void fractions.
While the model predicts the trends of the measured performance quite well, there are some
significant differences. The measured head increase in the low-void region is larger than that
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Variation of Head with Inlet Void Fraction Predicted Using EPRI Model for
Flows Between 80% and 120% of Rated Operating Point

predicted. The measured head degrades over void fractions between 0.25 and 0.45 while the
model predicts a more rapid degradation between a - 0.2 and a - 0.3. The measured head in
the degraded region is much lower than that predicted by the model.
These differences between the measured performance and the "baseline" predicted
performance (ie the initial implementation) could result from inaccuracies in the assumed
constitutive relations, in the assumed flow regime map or in the geometric parameters, or
could be due to weak or invalid assumptions used in deriving the model.
Noghrehkar [11] performed an exhaustive study of the effect of various values of C vm and
R b /C d on the predicted performance of two different pumps. He found that the predicted
performance was not sensitive to the values assumed for these parameters. The effects of
changes to the flow regime map or to the impeller geometry were examined as part of the
present study, and are discussed below.
7.1 Effect of Flow Regime Map on Predicted Performance
Both Furuya [7] and Noghrehkar [9,10] used a flow regime map consisting of bubbly flow for
void fractions below 0.25 and churn-turbulent flow for void fractions above 0.35. In all of
their model predictions, and in Figure 5, a rapid degradation of head is predicted at a void
fraction close to the flow regime transition. Thus it could be postulated that the difference in
degradation threshold between measurements and predictions shown in Figure 5 could be due
to an incorrect flow regime map.
Figure 6 shows the predicted head for pump operation at the rated conditions, for three
different assumed flow regime maps. When the flow regime transition region is assumed to
occur at local void fractions between 0.25 and 0.5, the degradation threshold is raised to an
inlet void fraction of 0.37. If the transition is assumed to occur between 0.4 and 0.5,
degradation occurs at an inlet void fraction of 0.33.
Clearly, the assumed lower bound of the churn-turbulent flow regime has a profound effect on
the degradation threshold. For the original flow regime map, degradation occurs at an inlet
void fraction between 0.22 and 0.23. Examination of Figure 2 indicates that the void fraction
profiles within the impeller for these two cases diverge at a relative streamline position of
about 0.15, when the local void fraction is about 0.35. It would appear that this location
within the impeller is critical, in that if the flow reaches this point fully in the chum-turbulent
flow regime, then the local void fraction increases, restricts the liquid flow and causes an
abrupt loss of head. If the flow reaches this point in the bubbly or transition region, then the
void is eventually condensed, and high head is maintained.
An examination of the void fraction profiles within the impeller for the case where the flow
regime transition occurs over the range 0.25 < a < 0.5, shown in Figure 7, support this
conclusion. In this case, degradation occurs at an inlet void fraction of about 0.33. The local
void fraction profiles for inlet void fractions of 0.33 and 0.34 diverge at a relative streamline
position of about 0.15, when the local void fraction is about 0.5.

It is postulated that the flow through the impeller is very sensitive to some aspect of the
impeller geometry at this "critical" location. The next section will examine the effect of
modifications to the assumed geometry on the two-phase performance of the RD-14 pump.
7.2 Effect of Geometry on Predicted Performance
The various geometric parameters appearing in equations 7 to 11 can be arranged into one of
two forms: (I/A) • dA/dz (present in several terms) or r • A • dr/dz (present in the centrifugal
force term). The (I/A) • dA/dz term is well-behaved. However, as shown in Figure 8, the
r« A*dr/dz term contains a local minimum at a relative streamline position near 0.15.
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FIGURE 8: Variation of Centrifugal Force Term For RD-14 Pump Impeller
(units of vertical scale are arbitrary)
Inspection of the cross-sectional area functions determined by Noghrehkar [9] provides a
possible reason for this. In both of the pumps studied by Noghrehkar, the minimum flow area
is at the impeller inlet. However, the RD-14 pump, as originally characterized, has a
minimum flow area within the impeller (at a relative streamline position of about 0.3). To
investigate the effect of this area reduction, the area function was modified to remain constant
at the minimum value from the inlet to a relative streamline position of about 0.3. The
resulting modified r • A • dr/dz is also shown in Figure 8.
Figures 9 and 10 show the predicted variation of head with inlet void fraction, and the local
void fraction profiles within the impeller for the modified geometry. The change in flow
cross-section area had little effect on the degradation threshold. The sudden divergence of
local void fractions moved slightly downstream, to a normalized streamline position of about
0.2. It is conjectured that the flow separation may be driven by the centrifugal force term
exceeding a certain value, rather than any inflection or local minimum.
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8. CONCLUSIONS & RECOMMENDATIONS
Work in progress to provide the CANDU community with a model suitable for predicting the
behaviour of the RD-14 pumps under two-phase flow conditions has been described. Given
the extreme scatter in the measured performance, none of the models could be selected based
on accuracy alone. The model developed by EPRI was selected because it appears to hold the
most potential to improve understanding of the individual component behaviour.
The implementation of a form of the EPRI model for the RD-14 pumps has been described.
This model was found to predict the trends of the measured performance well. However,
significant differences were observed in the magnitudes of the head in the low-void and
degraded areas, and in the degradation threshold.
By varying the assumed flow regime map, the predicted degradation threshold could be
adjusted to better match the measured trend. Clearly, more work is needed to better
characterize the flow regimes within a rotating impeller. This will provide a stronger technical
basis for the flow regime map assumed for any given pump.
Adjustments to the assumed impeller inlet area were found to have little effect on the predicted
performance. This investigation led to a hypothesis that flow separation occurs at a location
within the impeller where the centrifugal force on the fluids exceeds a threshold value, when
the local void fraction exceeds the lower bound for chum-turbulent flow.
Other aspects of the assumed geometry, such as flow area nearer to the impeller exit, and
variation of radius along the streamline should be investigated further.
The present model considers only the pump impeller. The effect on the flow of the diffuser
and volute casing are neglected. It is conjectured that losses in the diffuser and volute are
greater in two-phase flow than in single-phase flow. This may explain the model overpredictions in the fully-degraded region. Clearly, further research is required to extend the
present model to include two-phase flow through the diffuser and volute.
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ABSTRACT
The influence of the gas phase turbulent stress to the characteristic speeds (i.e.,
eigenvalues) of two-phase system in CANDU reactor channel has been theoretically
investigated. The average two-fluid model has been constituted with closure relations
for horizontally stratified flow. A vapor phase turbulent stress model for the regular
interface geometry has been included. It is found that the second order waves (i.e.,
eigenvalues) propagate in opposite direction with almost the same speed in the fixed
frame of reference. Using the well-posedness limit of the two-phase system, the
dispersed-stratified flow regime boundary has been modeled. Two-phase Froude
number has been found to be a convenient parameter in quantifying the flow regime
boundary as a function of the void fraction. The influence of the vapor phase turbulent
stress found to stabilize the flow stratification.
This study clearly shows that the average two-fluid model can be used for a
mechanistic determination of horizontal flow regimes in CANDU reactor channel if
appropriate closure relations are developed.
1. INTRODUCTION
It is known that the flow geometry in CANDU reactor channel includes the
subcooled single phase flow, the dispersed two-phase flow and the separated flow (i.e.,
the stratified flow). Since the heat transfer mechanism strongly depends on the flow
geometry, the flow regime determination is very important for reasonable prediction of
the reactor core heat removal capability under normal and abnormal operating
conditions.
There have been many works!1!'!2!'!3!'!4!-!5! concerning flow regime
determination in a horizontal channel. In most of adiabatic horizontal flow studies, the
surface wave instability!1!'!2!*!5! is known to trigger the flow regime transition (i.e., the
stratified-to-dispersed flow transition). In fact, the two-phase system's eigenvalues,
which are the propagating speeds of perturbed two-fluid variables, are strongly related
with this type of instability. It should be noted that the state-of-the-art nuclear reactor
system analysis codes (e.g., RELAP5/MOD3) contain this type of flow regime
transition criteria either for stratified-to-dispersed or for dispersed-to-stratified flow
transitions. The major part of modeling efforts was in-depth understanding of the
phasic interfacial phenomenon. Since, theoretically, the algebraic forces in the
momentum balance equation do not influence this type of instability, it is believed that
gradient of two-fluid variable could be included in the constitutive models, especially in
the interfacial shear stress!5!. On the other hand, the gas phase turbulence is believed to

play a very important role in controlling this type of instability!6]. Based upon the
average two-fluid model, the stress induced by the turbulent fluctuation has been taken
into account to the momentum balance through the so-called two-phase Reynolds
stress. It is quite clear that the vapor phase turbulent stress strongly depends on the
phasic interface geometry. Recent diabatic horizontal study!4) is based upon the quasistatic assumption. Therefore, the flow regime boundary determined in diabatic study
has a different theoretical basis from the other adiabatic approaches.
In this study, the two-phase system's eigenvalues have been obtained using the
generally accepted average two-fluid model!6!'!7]. The phase change effect has been
included in the two-fluid model. It has been found that the eigenvalues obtained from
the presented constitutive relations can be consistently reduced to the surface wave
stability criteria obtained by the previous worker!1! when the vapor phase turbulent
stress is neglected. It is found that the two-phase Froude number is a convenient
measure for the instability in the stratified two-phase flow. By using the well-posedness
limit, the dispersed-stratified flow regime boundary has been obtained as a function of
the void fraction. It is found that the pressure tube diameter should be used instead of
the equivalent diameter in characterizing the interfacial pressure difference for the
CANDU reactor channel (i.e., the bundle flow). The Reynolds stress of the vapor
phase is found to increase the regime of flow stratification. Further modeling effort is
necessary to explain this result completely.
This study shows very good possibility in utilizing the average two-fluid model
in determining very important flow regime boundary in CANDU reactor channel.
2. THEORY
The phasic continuity equation can be written as
p )

5(a p v )

where T^ is the mass exchange due to evaporation or condensation. It is hold that

The phasic momentum equation can be written
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where p^, a^, p^, 0 and tj are the phasic density, the volume fraction, the pressure, the
angle of inclination of the pipe and the interfacial shear, respectively. Ap^ is the
difference between the phasic interface and the phasic average pressure. The interfacial
pressure difference (Ap^) is known to be proportional to the square of the relative
velocity for dispersed two-phase flows!8) . However, when the flow is separated, the
gravity head across the channel cross section governs the interfacial pressure
difference. The interfacial pressure differences for the stratified horizontal flow can be
given by (see Appendix A):
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As shown in Eqs.(4), the interfacial pressure difference has the void fraction
dependency, which is quite different from the same term for the dispersed two-phase
flows. For CANDU fuel channel, the flow is horizontal so that we may set sin (3 = 1.0,
and D in Eqs.(4) should be the diameter of the pressure tube.
Mjk is the interfacial momentum exchange which normally includes the
interfacial drag and the virtual mass force. In this study, both of these terms are
neglected since those are not important for the horizontally separated flows. M w k is
the force induced by the wall friction.
The phasic interfacial stress for the separated flow can be modeled as!6!:

(5)

where t,\ is the wetted perimeter of the vapor phase, tgj in £q.(2) should be understood
as the interfacial shear force (i.e., the viscous shear) used by previous workers!lW].
In this study, the vapor phase turbulent stress is to be included in the two-fluid
model. The turbulent stress is induced by the vapor phase velocity fluctuation from its
averaged value in the frame of reference of the liquid phase velocity. It is found that
the turbulent stress can be modeled!9! as:
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Multiplying ak- (k'=g for k=f, k'=f for k=g) to the momentum equation of each
phase (i.e., Eq.(3)) and subtracting one from the other, we obtain
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If we cast the phasic continuity equation and the combined momentum equation
(Eq.(7)) into a matrix form, we obtain the system of equation as:
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where the constitutive relations given by Eqs.(4) through (6) has been used.
The system's eigenvalues can be found by solving the characteristic equation,
that is:
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It should be noted that the algebraic terms in the momentum equation, such as
the interfacial shear, the momentum transfer due to phase change and so on (see £ in
Eq.(8c)), do not affect the eigenvalue of the system.
Rearranging Eq.(9), we obtain
(11)

Solving Eq.(9) for X, we obtain the dimensionless characteristics as
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The two-phase system is hyperbolic when the eigenvalues are real or
equivalently, the determinant of the quadratic equation is positive (i.e., D* > 0). Let us
define a critical two-phase Froude number (Fr2<p,crjt) s u c n t n a t D* vanishes when
Fr2<p=Fr2<p,crit- B y setting D* = 0, we obtain the critical two-phase Froude number
for a stratified flow as
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Since the reality of eigenvalues implies that the two-phase system is stable against
infinitesimal perturbations, we find the stable flow stratification is possible when Fr2(p <
Fr2(p,crit If we use the following assumptions in Eq.(13):
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we obtain the critical relative velocity as:
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It should be noted that Eq.(lS) is the same as the surface wave instability
criteria previously used as a flow regime boundary by Taitel and DuklerHl. This
criteria is being used in many nuclear reactor system analysis codes, such as
RELAP5/MOD3. In fact, the stratified-dispersed flow regime boundary is believed to
have some hysteresis effect. Unfortunately, however, the current state-of-the-art
knowledge is not mature enough to quantify such effect. For a CANDU core channel,
some of system transients may include the flow regime transition from its normal
condition (i.e., the single phase flow or the dispersed two-phase flow ) to the stratified
flow regime or vice versa.
As shown in the definition of the two-phase Froude number, the phasic relative
velocity (vr) is the key two-fluid variable in controlling the well-posedness, or
equivalently, the stability of the stratified flow. When the system's two-phase Froude
number exceeds the critical Froude number given by Eq.(13), the flow regime
transition may occur. It is interesting to note that when the pipe is inclined to the
vertical position (i.e., P->0), we obtain Fr2q)-»oo from Eq.(12b), meaning that there is
no chance of gravity induced flow separation (i.e., stratification is not possible).
3. RESULTS AND CONCLUSION
The eigenvalues and the critical values of the relative velocity have been
calculated for the CANDU fuel channel. The imaginary value of the system's
eigenvalues supposedly signals the flow regime transition from the stratified flow to
the dispersed flow. Generally, during many system transients of CANDU PHTS, some
of the coolant channels may undertake flow regime transitions. Among these, the
dispersed-to-stratified flow transition dramatically changes the heat transfer
characteristics of the fuel bundles in the coolant channel. All in all, the uncovery of the
fuel element, which is possible when the flow is stratified, should be avoided.
The two-phase system's eigenvalues for CANDU fuel channel (p=10 MPa) is
shown in Figure 1. Physically, this type of eigenvalues have been understood as the
propagating speed of infinitesimal perturbation of two-phase variables, such as the void
fractionno],[ll] As shown in Figure 1, when the void fraction reduced to a certain
value (say, cutoff void fraction), the eigenvalues vanish quickly and become imaginary
values (the imaginary values can not be shown in Figure 1). When the turbulent stress
is included (i.e., CT=0.5), the cutoff void fraction is reduced. Since the instability
occurs at the cutoff void fraction, we find that the turbulent stress stabilizes the
stratified flow. It is an interesting result that since the two eigenvalues have almost an
equal magnitude and the opposite sign, we find that the waves propagate in both
direction with the same speed in the fixed frame of reference.

-1.0
V
Figure 1. Eigenvalues of Two-Phase System in CANDU Coolant Channel with
and without Vapor Phase Turbulent Stress.
The critical Froude number given in Eq.(13) has been plotted in Figure 2. For
the purpose of comparison, the critical Froude numbers at atmospheric pressure are
also plotted. The stratified flow is presumably stable when two-phase system's Froude
number has a value smaller than the critical Froude number. Therefore, Figure 2 can be
understood as a flow regime map based upon two important two-phase parameters,
that is, the two-phase Froude number and the void fraction. As shown in Figure 2, it is
clear that the flow stratification more likely when the system pressure is reduced. This
is mainly due to larger density ratio (p*) at higher system pressure. As we observed in
Figure 1, we find that the vapor phase turbulent stress stabilize the stratified flow. It
should be noted that the vapor phase turbulent stress model used in this study is a little
too much simplified. The effect of the vapor phase turbulent stress in CANDU coolant
channel (i.e., the horizontal bundle flow) can be better understood by modeling the
vapor phase turbulence in bundle flow geometry directly.
This study has revealed that the vapor phase turbulence is very important and
should be handled properly to determine the flow regime boundary correctly. Further
experimental study is needed in confirming the validity of this technique.

10
Figure 2. Critical Froude Number with and without Vapor Phase Turbulent
Stress
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APPENDIX A
THE INTERFACIAL PRESSURE DIFFERENCE FOR STRATIFIED FLOW
The local pressure in the pipe as shown in Figure A can be given by
k

P(h)=Pki+Pkg(H-h)si»p,

={

The phasic interfacial pressures (i.e., pgj and pg) are generally different from each
other due to the surface tension.
The phase average pressure can be obtained by averaging the local pressure given by
Eq.(al) over each phase, that is:

k

k

Evaluating the integral in Eq.(a2) for each phase, we obtain the phasic interfacial
pressure differences as
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where the angle of stratification (0) can be related to the void fraction as
7tcig = 0 - sin 0 cosG
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Using Eqs.(a3) and (a4), we simplify the terms including the phasic pressure in the
combined momentum equation (i.e., Eq.(7)) as:
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where the surface tension was neglected (i.e., Pgj = Pg).

Figure A. A Stratified Flow Configuration
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ABSTRACT
An overview of the important developments of the TUF code is presented. The TUF code has been designed for
steady state and transient thermal-hydraulics analyses for CANDU reactors. The primary objective of the development
of the TUF code is to provide an analytical tool for design, safety and licensing analyses. Developments pertinent
to the following analysis areas are described : large LOCA analyses, simulation of the ECI Accumulator response,
analysis of the large secondary side steam line breaks, reverse flow induced bundle movement, and water hammer
analysis. Developments relevant to the large LOCA application are reported separately in this Conference. The rest
are described in this paper. Emphases are placed on the models and the sensitivity studies of the physical parameters,
rather than on the detail system responses in the simulations. Finally, some aspects about the code validation are
discussed.

1.

TUF DEVELOPMENT STATUS

Developments of the TUF code in 1993 which are relevant to various aspects of the safety analysis are summarized
below:
Large LOCA Analyses
Considerable design efforts and analyses have been expended in Canada to ensure that the CANDU reactor design
will minimize the consequences and reduce the risk to acceptable levels during a large loss of coolant accident
(LOCA). The main concern of a large LOCA is the amount of radioactive releases to the environment. The
regulatory dose limits must not be exceeded. As described in Reference 1, modelling of the fuel channel response
is also very important in the analysis of the consequences of a large LOCA; in particular, the dynamic contact
between the pressure tube and the calandria tube.
Previously, the pressure tube contact temperature and heat load to moderator were calculated by the SMARTT code
(Reference 2) using the TUF predicted system boundary conditions. The strain model that was implemented in the
SMARTT code for the contact criterion has now been incorporated in the TUF code. Implementation of the strain
model into TUF provides a fully integrated calculation of the channel thermal-mechanical response, which allows
for feedback of the pressure tube ballooning on local channel thermal-hydraulics conditions, reduces the amount of
cross code data transfer, and improves effectiveness of the analysis process. Description of this model implemented
in the TUF Versions 0.3 is reported in Reference 3.

Bruce ECI Accumulator Analysis
The emergency coolant injection (ECI) system, which is inactive but poised during normal operations of the station,
is activated automatically following the detection of a LOCA. The response of the ECI system can be divided into
short and long term phases. The short term phase consists of high pressure injection from the accumulator tanks,
followed by lower pressure injection from the grade level storage tank by the ECI pumps. On a LOCA signal, the
accumulator gas tank isolation valves, accumulator water tank discharge valves, H2O injection valves and D2O
isolation valves open to initiate pressurization of the water accumulator tanks and subsequent injection of coolant
into the heat transport system.
The pressurization process of the accumulator water tanks was neglected in the previous analyses of the ECI system.
Instead, the initial pressure in the accumulator water tanks was assumed to be at the design injection value in the
simulations. The accumulator discharge valves, H2O injection valves, and D2O isolation valves were assumed to be
opened with a specified delay time after the ECI initiation signal is received to conservatively bound the time
required to pressurize the water tanks.
To simulate the pressurization process of the ECI accumulator water tanks, the characteristics of the gas isolation
valves and the thermal-hydraulics of a gas-water mixture have to be considered. The model and the simulation of
the Bruce B commissioning test are described in Section 2. Applying the model in the safety analysis provides a
more realistic assessment of the timing of the ECI injection and more representative operating limits for the ECI
system valves.
Large Secondary Side Steam Line Breaks
Large breaks in the secondary side steam supply system involve different considerations than breaks in the primary
heat transport system. The difficulties in the simulation of a large secondary side steam line break are in the
modelling of steam separation at the nozzle of steam generator and in the determining the quality of flow discharged
at the nozzle when steam separation fails. In the previous analysis of the secondary side steam line breaks, steam
separation capability at the nozzle was calculated by component codes like STGEN (Reference 4) to determine the
duration of two phase flow at the nozzle. The information was then feedback to the system codes to predict the steam
generator and heat transport system responses.
A level swell model has been utilized in the TUF code to determine the separation capability of the steam generator.
The model and its application to the main steam line break of the Darlington NGS are described in Section 3.
Applying the level swell model in TUF for secondary side break analysis may affect the assessment on the reactor
trip parameters, boiler level control, and break discharge flow, which in turn affects the pressure built-up in the
reactor building after a large secondary side steam line break.
Reverse Flow Bundle Movement
A gap, which increases over time due to the pressure tube elongation, exists in the CANDU reactors between the
upstream bundle (close to inlet feeders) and the inlet shield plug. During normal operating conditions, the fuel
bundles are forced by the flow to rest against the fuel latch in the outlet end of the channels. Following a postulated
large inlet feeder or inlet header break, the large reverse pressure gradient or flow would force the bundles to move
to the inlet end of the channel and then collide with the inlet shield plug. For fuelling-against flow reactors, for
example the Bruce NGS reactors, the fresh fuel bundles reside on the channel outlet With flow reversal, the lower
burn-up fuel bundles may move into the higher flux region which may lead to a reactivity increase. Therefore, there
are two important parameters in the safety assessment of the fuel string relocation: the impact force on the fuel
bundles and channel components as well as the reactivity effect of the fuel string relocation. Both parameters are
dependent on bundle movement during the reverse flow transient From a thermal-hydraulics viewpoint, the critical
parameter is the bundle impact velocity, because the impact force is directly proportional to the impact velocity. The
bundle velocity also controls the reactivity insertion rate.

An approach to couple the bundle movement with the reactivity increment through the point kinetics model has been
developed in the TUF Version 1.0. However, this approach has not been utilized in the previous safety analyses.
Therefore, the reactivity effect due to a fuel string relocation will not be discussed here. This paper will only
concentrate on the aspects for calculating the fuel bundle impact velocity. The bundle movement model which has
been verified against the Stem experiments is briefly described in Section 4.
Water Hammer Analyses
One of the design considerations for the emergency cooling system of steam generators and the valves of steam
turbine exhaust pipe is the loading induced by water hammer. Condensation induced water hammer can be quite
severe and may lead to equipment failures and loss of production. Recently, extensive water hammer experiments
have been conducted at the Ontario Hydro Technology (OHT, former Research Division or OHRD). The objective
of these experiments was to provide relevant data for validation of the TUF code in the water hammer applications;
in particular, the condensation model and the numerical method applied in the TUF code. Currently, the TUF code
has been utilized in the simulations of the OHT experiments. The comparisons between the TUF simulations and
the experimental results have been concentrated on three parameters: the magnitude of the pressure pulse, the time
period between two pressure pulses, and me threshold beyond which water hammer would occur. The relevant
parameters in the model and a simulation of the OHT experiment are reported in Section S.
All the simulations reported in this paper are based on the TUF developmental Version 1.0, which is the unified
version of TUF for all the reactor plants in Ontario Hydro. The Henry-Fauske discharge model is applied for all
break links, and the two-fluid model is applied in all of the analyses.
2.

MODELLING OF THE BRUCE ECI ACCUMULATORS

In the previous safety analyses, the pressurization process of the accumulator water tanks was not simulated. Instead,
the accumulator pressure was assumed to be at 5.5 MPa. The accumulator discharge valves, H2O injection valves
and D2O isolation valves were assumed to open simultaneously 20 seconds after receiving the ECI signal. This delay
time was used to account for the pressurization time of the accumulators. The pressurization time of the
accumulators depends on the characteristics of gas isolation valves, which are butterfly valves. To simulate the
pressurization process of the accumulators, two areas have to be considered: the characteristics of the butterfly valves
and the thermal-hydraulics model of the accumulators.
Characteristics of the Butterfly Valve
The characteristics of the butterfly valve have been examined and published in the literature (for example, Reference
5). Recently, Toong (Reference 6) has examined the different correlations for the loss coefficient of the butterfly
valves. For a gas flow through a butterfly valve, the mass flux can be expressed as

G = C*GO

(1)

where GO is the isentropic sonic or subsonic discharge mass flux through an orifice for a perfect gas flow, which
has been applied in the TUF code for a steam discharge flow through a break. The discharge coefficient C
(maximum is one) for a butterfly valve is written as
C • 1 / SQRT (K)

(2)

where K is the loss factor. Based on the evaluation of Toong (Reference 6), the following correlation for the loss
factor suggested by Idelchik (Reference 5) is applied in the TUF code:
SQRT (K) = 1.56 / [ 1 - cos(0) ] - 1

, if 9 < 77.3

(3)
• 1.

, if e > 77.3

where 6 is the angle of tbe valve opening: 0 for closed, and 90 for fully open. It is interesting to note that based
on this correlation, the discharge coefficient is approximately proportional to tbe square of tbe valve position, if a
linear relation between the valve position and tbe angle of valve opening is assumed.
Thermal-hydraulics of Accumulator
The mass and energy conservation equations for tbe non-condensable gas have been included in tbe TUF thermalhydraulics. These equations together with the mixture and the vapour equations are solved implicitly using a flow
rate approach. Tbe interfacial heat transfer rate between the non-condensible gas (nitrogen) and the subcooled liquid
within the control volume is written as
Q (fa) = V • h(fe) • A(fa) * [ T(a) - T(f) ]

(4)

where Q(fa) is the heat transfer rate from tbe non-condensable gas to the liquid, V is the control volume, h(fa) is
tbe interfacial heat transfer coefficient, A(fa) is tbe interfacial area per unit volume, T(a) is the non-condensable gas
temperature, and T(f) is the liquid temperature. The correlation used for the interfacial heat transfer coefficient is
a function of the Reynolds and the Prandtl numbers.
Comparison With the Bruce Test Data
Tbe test data are taken from tbe Bruce NGS B Operating Manual, dated 1993, ECI system: Pressurize Accumulator
Water Tanks and ECI Header. The geometric data and tbe initial conditions of the gas tanks and accumulators are
listed in Table 1. The ECI signal is received at time zero and the delay time to open tbe gas isolation valves is 6.5
seconds. Tbe stroking time for the gas isolation valves is 10 seconds, and the valve position is linearly proportional
to time. Both gas isolation valves are credited. The test results after opening the gas isolation valves are shown
below: the final pressure downstream of tbe gas isolation valves is 5.6 MPa, and tbe time to reach final pressure is
six seconds.
The predicted pressure transients for the gas tanks and the accumulators are shown in Figure 1, and tbe corresponding
gas temperatures are plotted in Figure 2. Tbe interfacial heat transfer coefficient calculated is about 0.7
kW/(m*myC. Tbe predicted pressurization time is about six seconds. Tbe final pressure at tbe gas tanks and the
accumulators are 5.64 MPa and 5.63 MPa, respectively, and tbe corresponding gas temperatures are 26.4 C and 30.3
C, respectively. Tbe final void fraction of nitrogen in the accumulators is 0.020. Excellent agreements between the
analysis and tbe test data are obtained for the pressure transient and the pressurization time of the accumulators. It
can be concluded that in tbe previous safety analyses, tbe use of a delay time of 20 seconds for tbe accumulator
discharge valves to open after the ECI signal received is a conservative assumption.
Sensitivity Studies of Parameters
The first parameter examined is the discbarge coefficient of tbe butterfly valve. Using a steam control valve model
with a correlation for the discbarge coefficient varying from 0.61 to 0.84, the accumulators pressurize in about three
seconds, which represents a pressurization rate two times faster than the test result. The other correlations for tbe
loss factor suggested by the Fisher Governor Company, and the CRANE Engineering Division (Reference 5) are also
simulated. The results showed that the pressurization times predicted by both correlations are close to that predicted
by Equation (3). Similar result is predicted by using the discharge coefficient proportional to the square of the valve
position.
To examine the effect of the interfacial heat transfer on the pressurization time, an adiabatic model (i.e. with zero
interfacial beat transfer coefficient) is also simulated. The gas temperature of the accumulators ii- plotted in Figure

3, where tbe final gas temperature predicted is 162 C. Tbe predicted pressure transient for the accumulators based
on tbe adiabatic model is close to that predicted by the two-fluid model. Therefore, it can be concluded that the
effect of the interfacial beat transfer on the accumulator pressurization time is negligible.
3.

LARGE SECONDARY SIDE STEAM LINE BREAKS

In tbe simulation of tbe large secondary side steam line breaks, tbe most important parameter for tbe prediction of
the system response is steam separation condition at the nozzle of steam generator. This condition depends on tbe
water level and the flow rate at the steam nozzle. When steam separation at the nozzle fails, a two-phase discharge
occurs at the steam nozzle. Consequently, the drum water level and drum pressure are then significantly affected
by tbe failure of tbe steam separation. The code capability to simulate tbe failure mode of the steam generator is
critical in the simulation of large secondary side steam line breaks. In the simplest model, the steam separation is
assumed to be ineffective when tbe flow leaving tbe steam take-off nozzle exceeds a critical flow (usually a 150%
of tbe nominal flow rate was used). A return to tbe normal steam-water separation is assumed to occur only when
the flow rate through the steam nozzle decreases below the normal full power flow rate. It is a conservative criterion
for predicting failure of steam separation. Currently, the computer code STGEN (Reference 4) has been applied at
Ontario Hydro to simulate tbe secondary side breaks. A simple level swell model (Reference 7) was applied in
determining the steam-water separation capability. Interactions between the STGEN and the SOPHT codes require
a considerable amount of work.
Level Swell Model
Tbe level swell model that was implemented in the TUF code has been verified against the top blowdown
experiments of pressurizers (Reference 8). The level swell equation contains three components: the vapour
generation rate; the vapour escape flow rate at the interface; and the phase compressibility effect The drift-flux
model is applied in the evaluation of the vapour escape flow rate at the interface.
Steam separation is in a failure mode only when the water level is greater than the critical height:
L > HC

(5)

where the critical height HC is given by
HC = H - HD

(6)

H is the total height of tbe steam drum, and HD is tbe critical distance from the interface to tbe top of the steam
drum, which is obtained from the Bernoulli equation (see Reference 8 for a detailed description).
When steam separation fails, tbe quality of the discharged two-phase mixture at tbe steam nozzle is calculated from
the void fraction at the interface (or at the top of tbe steam drum). Using a linear distribution profile, the void
fraction at the interface is obtained from tbe following expression:
ad) = 2 a(m) / [ 1 + a(m) ]

(7)

where a(m) is the averaged void fraction in the two-phase region.
The main differences in the level swell models applied in the TUF and the STGEN codes are the vapour generation
rate at the steam drum, and tbe drift-flux parameters used in the evaluation of tbe steam escape flow rate at tbe
interface. A two-fluid model has been applied in the TUF code for the vapour generation rate, while tbe vapour
generation rate is assumed to be equal to tbe flow rate at the steam nozzle in the STGEN code. The distribution
parameter of the drift-flux model is 1.2 and a correlation for the steam drift velocity is applied in tbe TUF code.
The corresponding values applied in the STGEN code are 1.7 and 0.29 m/s, respectively. Tbe effects of the drift-flux

parameters on the level swell have been extensively discussed in Reference 8.
Two numerical methods are available in the TUF code to solve the level swell equation: explicit and implicit
methods. In the explicit method, the level swell equation is calculated after the two-fluid equations are solved and
the thermal-hydraulic properties are found. This method is similar to the boundary accumulator model applied in the
SOPHT code. In the implicit method, the level swell equation is solved simultaneously with the two-fluid equations.
The explicit method which was used in Reference 8 is applied in the simulations shown below.
Large Steam Balance Header Break of the Darlington NGS
The main purpose of this simulation is only to examine the sensitivity of the different models on the system
responses. The conservative approach utilized in the safety analyses is not applied here. For example, the neutronic
power is calculated directly firom the point kinetic model. In the safety analysis, it is obtained through an iterative
technique to couple with the neutronic physics code. Therefore, the results presented here should be treated as
preliminary results from a sensitivity study and should not be compared with safety analysis results.
In the Darlington steam and feedwater system, the main steam system feeds steam to the turbine-generator through
four main steam lines from the top of steam generators located in the reactor building. The four main steam lines
are connected to a single steam balance header located just below the high pressure turbine cylinder. The heat
transport system is modelled by four core passes, each having 120 average channels. The extended steam drum which
includes the downcomer is simulated as one control volume. The reactor is assumed to be initially operating at full
power. Other primary and secondary side parameters, such as the pressurizer and the steam drum levels, are assumed
to be at their nominal operating full power values. The break is located at the steam balance header with a area of
1.168 meter square (100% of header area) and is assumed to open at time zero.
There are two kinds of calculated water levels in the steam drum: one is the collapsed water level which is applied
to the boiler level controller, and the other is the level swell which is utilized in the determination of steam
separation capability of steam drum. The time period of two-phase discharge plays the most important role in the
system responses. The longer the time period of two-phase discbarge is predicted, the lower the pressure and
collapsed water level in the steam generators. If the time period of two-phase discharge is long enough, the reactor
trip signals such as the low drum level, low feedwater line pressure, or low PHT pressure may be activated.
The instantaneous rupture of the steam balance header rapidly depressurizes the steam line, and accelerates the flow
from the steam drum. Rapid depressurization of the steam drums results in flashing of liquid, and pool swelling due
to an imbalance between the vapour generation rate in the bulk liquid and the escape steam flow rate from the
interface. The collapsed and swelling levels for the NE steam generator are plotted in Figure 4. The flow quality
at the steam nozzle of the NE steam generator is shown in Figure 5. The time period of two-phase discharge is
about 8 seconds. The first (low feedwater line pressure) and second (low PHT pressure) trip signals are activated
at 19.8 and 26.8 seconds, respectively. The reactor is tripped at time 27.8 seconds. Verification of the present model
against the large secondary side break experiments of the RD-14 (Reference 9) will be undertaken in the future.
Sensitivity Studies of Parameters
The drift-flux parameters applied in the thermal-hydraulics of steam generator are reasonably established. Therefore,
the only uncertain parameter that will affect the drum water level is the vapour generation rate at the steam drum
during a fast depressurization process. The flashing vapour generation model applied in the code has been validated
against the well-known Edwards blowdown experiments. The thermal non-equilibrium effect (or pressure undershoot)
was well predicted by the TUF developmental Version 1.0.
To examine the effect of the vapour generation rate on the drum water level, the vapour generation rate used in the
STGEN code is applied in the simulation. The time period of two-phase discharge is about 25 seconds. It shows
that the larger the vapour generation is predicted, the higher the level swell will be and the longer time period of

two-phase discharge will result The first (low drum level) and second (low feedwater line pressure) trip signals are
activated at time 17.3 and 29.6 seconds, respectively. The reactor is tripped at time 35.9 seconds. Hie second case
examined is the previous separation criterion (150% of nominal steam flow). The steam nozzle flow rate exceeds
150% of the nominal steam flow at time 0.13 second. A return to the nominal flow rate occurs at time 81 seconds.
The first (low drum level) and second (low feedwater line pressure) trip signals are received at 11.7 and 29.3
seconds, respectively. The reactor is tripped at time 37.3 seconds.
4.

REVERSE FLOW BUNDLE MOVEMENT

A simple bundle movement model has been developed (Reference 10) and implemented in the SOPHT code at
Ontario Hydro. In this model, all the bundles in a channel are assumed to be moving with the same velocities. In
the safety analysis, the coupling between the bundle movement and the possible reactivity increment due to the
bundle relocation was performed using an iterative technique to couple with the neutronic physics code SMOKIN
(Reference 11). To improve the model, a more realistic model has been developed for the TUF code. In this model
all the bundles can move independently where the bundle-bundle collision has been taken into account. Similar
iterative technique to couple with the SMOKIN code can also be performed.
A series of reverse flow bundle movement experiments have been conducted at the Stern Laboratories Inc., Hamilton,
Ontario in 1989 (Reference 10). The objective of the experiments was to measure the bundle velocity at impact with
the shield plug in a channel subject to a large inlet feeder break. Those experiments provide useful information in
the validation of the model.
The Model
The total force acting on each individual bundle consists of the following driving forces: the coolant drag force, the
pressure gradient, the momentum transfer due to bundle-bundle collision, and the frictional resistance due to contact
with the pressure tube wall.
The drag force acting on the bundle is equal, but opposite to the bundle friction force acting on the coolant, or
F(d) + F(b) = 0

(8)

where F(d) is the drag force acting on the bundle and F(b) is the wall friction force acting on the coolant due to the
bundle. The pressure gradient term is written as
F(p) = A(b) • [ P(I) - P(J) ]

(9)

where A(b) is the bundle cross sectional area, P(I) and P(J) are the pressures of the initiate and the terminal nodes,
respectively, of the reactor link. The momentum transfer due to the bundle-bundle collision is written as
F(mt) = M / L * [ ABS(V(D) * V(I) - ABS(V) * V ]
- M / L • [ ABS(V) • V - ABS(V(J)) * V(J) ]

(10)

where M is the mass of the bundle, L is the bundle length, V is the bundle velocity, V(I) is the velocity of the
upstream bundle, and V(J) is the velocity of the downstream bundle. The first term on the right hand side of
Equation (10) should be positive or zero and the second term be negative or zero. The resistance due to the contact
between the bundle and the pressure tube is written as

F(b,pt) = - SIGN (V) * Cl • m • g

-C2*m*V

(11)

where m is the net bundle mass in the coolant (bundle mass minus virtual mass), g is the acceleration due to gravity,
V is the bundle velocity, Cl is the sliding friction coefficient, and C2 is the viscous (damping) friction coefficient.
For metal on metal, the sliding friction coefficient is between 02 and 0.5. The effect of viscous damping becomes
important when the bundle velocity is not small, say 5 m/s.
The equation of motion for a bundle is given by
M dV/dt = F(d) + F(p) + F(mt) + F(b,pt)

(12)

The bundle movement equation is calculated explicitly in the code. Tracking the bundle location becomes important
in the interactions between the thermal-hydraulics and the bundle movement, since every channel node may contain
fractions of two bundles.
Comparisons With the Stern Experiments
The Stern experiments simulated a 100% guillotine inlet feeder break of a single channel similar to that of the Bruce
NGS. The geometric data of the test facility and the test conditions for five cases were reported in Reference 10.
The test conditions and results for the five cases are summarized in Table 2. There are two interesting cases in the
experiments: Test 1 and Test 5. Test 1, which contains no missing bundle, can be predicted using a hand calculation
as long as the pressure gradient along the channel and the drag force acting on the bundle are known. In Test S,
which has six missing bundles in the channel, a quasi-steady state or a terminal velocity has been reached before
the bundle impacts with the shield plug. Therefore, Test 5 should be used in the verification of the model. In the
simulation, the following coefficients are used: Cl=0.5 and C2=18, which yield the best agreement with the
experimental results for Test 5. The experimental and predicted bundle velocities for Test S are shown in Figures
6 and 7, respectively. The predicted impact times and velocities for all cases are compared with the test data in
Table 2. Satisfactory agreements are obtained between the predictions and the experimental results.
Discussions
The effect of the sliding friction coefficient Cl on the bundle impact velocity is small and can be neglected.
However, the viscous damping friction is the only force to balance the pressure gradient and the coolant drag forces
when the bundle terminal velocity is reached. Without the viscous damping force, the bundle terminal velocity will
not be sustained.
5.

WATER HAMMER ANALYSES

Simulation of a two-phase water hammer phenomenon is the most challenging task to perform for any thermalhydraulics code, not because of its physics but of its severe change in the magnitude of pressures between two time
steps. The relevant physical parameter for the two-phase water hammer problem is the condensation rate. If the steam
condensation rate within a control volume is less man the amount of steam replaced by the subcooled water, then
the steam will act as an air cushion and the water hammer may not occur at the pipe dead-end. When the steam
condensation rate is large enough, the water column will collide with the pipe dead-end which will generate a
pressure pulse. The magnitude of the pressure pulse depends solely on the flow rate at the pipe dead-end node, which
in turn depends on the magnitude of the steam condensation rate, m the simulation of the condensation induced water
hammer by most thermal-hydraulics codes, the numerical water packing becomes a problem, particularly for the case
with cold water. Because in the numerical scheme, the momentum equation cannot produce a liquid mass flow out
of the control volume that balances the flow into the control volume when the control volume fills with liquid. It
results an abruptly numerical pressure spike. Unlike the real water hammer, the final solution does not halt the flow
and, as a result, the numerical pressure spike disappears after one or two time steps. These numerical pressure spikes
generally do not affect the overall transient behaviour. Since the spikes are numerical artifacts, they must be removed

through a water packing treatment
Simulation of the OHT Experiment
The schematic diagram of the OHT apparatus, shown in Figure 8, consists of a vertical water tank with an air supply
system at the top of the tank to maintain a constant tank pressure. A horizontal pipe initially filled with water is
connected from the bottom of the tank. A fast-acting injection valve is installed between this pipe and a closed-end
veitical pipe initially filled with steam. Pressure transducers were mounted at the vertical pipe to record the pressure
history of the experiments. A series of tests have been performed with different tank pressures and water
temperatures. The most severe case with a tank pressure 654 kPa, water temperature 23 C and steam temperature
ISO C is simulated. In the simulation, the horizontal and the vertical pipes are modelled by IS and 20 nodes,
respectively. The minimum and maximum time steps used in the time-step control are 0.05 ms and 0.25 ms,
respectively. The elasticity of the pipe material is included in the simulation.
The experimental and predicted results of the pressure transient at the dead-end node are shown in Figures 9 and
10, respectively. The valve opening time is at 7 seconds in the experiment while it is at time zero in the simulation.
The duration time for each pressure spike is about 20 ms in the experiments and the predictions. It shows that the
water hammer phenomenon is well predicted by the code.
Discussions
A similar simulation of the two-phase water hammer phenomenon by the RELAPS/MOD3 code has been presented
in Reference 12. It has been concluded that a fine mesh size (7 cm), a small time step (0.01 ins) and the vertical
stratification option have to be applied to their input data in order to have the same order of magnitude of pressure
spike as experimental data. The sensitivity study of the TUF input data (mesh size and time step) on the OHT
experiments will be reported in the future. Similar to the vertical stratification model in the RELAP5 code, an
injection front model has been applied in the TUF code. In this model, the condensation front is simulated by a sharp
front with a certain amount of bubble entrainmenL This bubble entrainment controls the overall condensation rate
in the simulation. The amount of bubble entrainment has been refined from the predictions of the OHT experiments
in the TUF Version 1.0.
In the other approach which is currently being conducted at Ontario Hydro, different interfacial heat transfer
correlations are tested in the code with and without using the injection front model. The objective of this study is
to examine the possibility of code improvement on the condensation model. The predictions of the OHT experiments
based on this study will be reported in the future.
6.

SOME REMARKS ON THE TUF ASSESSMENTS

As pointed out by Levy (Reference 13), the reactor thermal-hydraulics is not a rigorous science field (sometimes the
engineering judgement plays a key role in the code), and thermal-hydraulics is often criticized when computer code
cannot predict some reactor operating transients or measurements. Even with the best thermal-hydraulics and
neutronic physics, the best numerical method and the best correlations, the thermal-hydraulics code will be of little
value unless it can predict the behaviour of the operating reactors. Satisfactory predictions by a thermal-hydraulics
code on the plant transients require two conditions: the appropriate models applied in the code, and the appropriate
input data. Therefore, simulations of plant upsets and transients as well as maintenance of the reference input data
sets have been emphasized in the Reactor Safety and Operational Analysis Department at Ontario Hydro. Recently,
simulation of an abnormal transient (loss of Class IV power), which occurred in November 1993 at Darlington NGS,
has been performed using the TUF code. This simulation, which will be reported in the future, provides an
opportunity to examine the overall thermal-hydraulics and plant controller responses from the TUF code.
The important results obtained from a homogeneous equilibrium (HEM) model sometimes cannot be overemphasized.
It has been reported in the literature that in some cases, the HEM model produced better results than the two-fluid

model. It indicates that without an appropriate modelling, increased thermal-hydraulic modelling complexity may not
improve the prediction. However, the two-fluid model with appropriate modelling will enhance the code prediction.
For instance, the NPD (Nuclear Power Demonstration) pressurizer experiment can be predicted reasonably well by
a HEM model as long as the pressurizer is simulated by a nodalization of more than 30 nodes. Also, with an
appropriate two-fluid model the pressurizer can be simulated as one node, and a good comparison with the
experimental data can be produced (Reference 14). Similarly, the steam drum can be simulated as one node, as
shown in Section 3, with a level swell model. Without this model, a fine nodalization of the steam drum is required
to simulate the steam separation capability, regardless whether a one-fluid or two-fluid model is applied.
In most thermal-hydraulics codes (including TUF), the update correlations for the wall momentum and beat transfers
have been utilized. The TUF code, similar to the SOPHT code, provides a menu of empirical correlations for the
wall momentum and heat transfers. Since some particular correlations may be more appropriate than the others for
some special components, the selection of appropriate empirical correlations must be established by the validation
process. Sensitivity studies of the models or options play a key role in the code assessment
An unique characteristic of the TUF code is in its thermal-hydraulic approach of the two-fluid equations (Reference
14). The first set of the governing equations for the two-phase mixture is identical to those used in the HEM codes
(including SOPHT). The verified wall momentum and beat transfer correlations to include the two-fluid effect which
are used in the HEM codes can be applied to the TUF code. This set of equations controls the main interaction
between the coolant and the surrounding piping, for example the pressure drop and the wall heat transfer rate. The
main differences in this set of equations between the one-fluid and the two-fluid models are in the link transport
properties and in the evaluation of the coolant pressure. The second set of the governing equations applied in the
TUF code is used to calculate the mass exchange rate and the differences between two phases, i.e. the slip velocity
and the degree of deviation of each phase away from the saturation line. This unique characteristic of the TUF code
must be considered in the code validation. In the other words, the previous verifications including the plant abnormal
operations for the SOPHT code are also applicable to the TUF code on the wall transfer correlations in some extent
In the TUF validation process, the following areas have been emphasized:
(1) Overall system responses: The main objective of a thermal-hydraulics code is to predict the overall system
response during an abnormal plant operation. Emphasis is placed on the averaged system or component behaviour
rather than on a detailed local condition since the one-dimensional thermal-hydraulic equations are applied to all
piping network and components. The correlations for the wall transfer mechanisms play the most important role in
this aspect during the blowdown phase.
(2) Two-fluid effects: When the system pressure remains high and the driving force is large, then the two-fluid
effects on the overall system response are not crucial. However, they will become important during the refill process.
On some particular cases, for example the condensation induced water hammer, the two-fluid effects become
dominant and control the overall system response.
(3) Special components and models: In the reactor plant simulations during a LOCA condition, the characteristics
of the pumps and the control valves (including the break discharge valve) control the overall system responses.
Special attention has been focused on those two components in the code assessments. The special models, for
example the level swell and the bundle movement models described in this paper, should be verified separately since
they become important only under some special circumstances.
(4) Plant controller responses: Each nuclear generation station has its own unique control characteristic. The
parameters of the plant controllers used in the TUF code (identical to the SOPHT code) are either based on the plant
design manual or obtained from the plant commissioning tests. Simulations of the normal and abnormal operations
will not only improve the code capability with time due to adjustments to the analytical models, but they will also
improve the parameters of the controllers. Considerable efforts have been devoted in Ontario Hydro to upgrade the
parameters used in the reactor controllers.

In conclusion, the following statement given by Levy (Reference 13) is quoted, "One cannot overemphasize the
importance of operating plant data to reactor thermal-hydraulics".

7.

CONCLUDING REMARKS

The development status of the TUF code in 1993 has been summarized. Some of the models applied in the analyses
have been presented and discussed. Work continues on the other areas which are not reported in this paper, for
example the unification of the controllers for all the reactor plants in Ontario Hydro and the numerical methods
applied in the thermal-hydraulic equations.
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Gas Tanks (2)

Accumulators (4)

Volume

231.6 mJ

Diameter

3.76 m

Height

11.6 m

Pressure

5.9 MPa

Gas Temperature

30 °C

Volume

640 m3

Diameter

3.76 m

Height

15.9 m

Pressure

0.4 MPa

Gas Temperature

30 °C

Water Temperature

30 °C

Gas Void Fraction

0.0175

Table 2 Summary of Test Conditions and Results of the Stern Experiments
Initial Conditions

TEST1

Number of Bundles

13

12

12

10

7

0
202

1
697

1

3

6

1687

3172

9.6

9.9

697
9.9

10.4

10.9

298

302
-

230
'' '"•,

301

299

Bundle Missing
Gap (mm)

Pressure (MPa)
Supply Vessel Temp °C

TEST 2 TEST 3 TEST 4

%

TEST 5

Results
Experiment:
Impact Tune (ms)

102

212

194

335

Impact Velocity (m/s)

3.8

5.1

5.3

6.1

603
7.0

96
4.1

205
5.0

190
5.2

345
5.9

600
6.9

Prediction:

Impact Tune (ms)
Impact Velocity (m/s)
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Figure 1. Pressure transients of gas tanks and accumulators for the
Bruce NGS B using a two-fluid model
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Figure 4. The collapsed and swelling levels of the NE steam generator
for the Darlington NGS after a 100% steam balance header break
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for the Darlington NGS after a 100% steam balance header break

BUNDLE VELOCITY TRANSIENT - TEST 5
BUNDLE VELOCITY (m/i>

Figure 6. The bundle velocity transient for the Test 5 case of the
Stern experiments
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Figure 7. The predicted bundle velocity transient for the Test 5 case
of the Stern experiments
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ABSTRACT

An out-of-pile 28-element fuel channel experiment (CS28-1) has been performed to
improve the understanding of fuel channel behaviour under postulated
loss-of-coolant accident conditions and to provide data for validating various
high-temperature thermal-chemical codes. Measured variables included
test-section temperatures and pressures, steam outlet temperatures, and hydrogen
production from the exothermic zirconium/steam reaction. The experiment was
successful in obtaining fuel element simulator temperatures as high as 1730*C,
with a peak hydrogen production rate of 0.28 mol/s.
This paper demonstrates the capabilities of the computer code CATHENA to predict
the thermal-chemical behaviour of a 28-element fuel channel under these
experimental conditions. Simulations of the experiment using CATHENA
MOD-3.4b/Rev 7 were performed using the oxidation correlations of UrbanicHeidrick and Leistikow-Prater-Courtright. The work was intended to examine
various models in CATHENA, particularly the calculation of the zirconium/steam
reaction and high-temperature heat transfer.
CATHENA accurately calculated fuel element simulator temperatures up to 1500°C
using these oxidation correlations. Above 1500°C, the calculated test-section
temperatures using the Urbanic-Heidrick correlation continued to be in good
agreement with experimental data. The calculated peak hydrogen production rate
using this correlation was within 2% of the measured value. The code
overestimated temperature escalations above 1500*C when the Prater-Courtright
oxidation correlation was used. A significant overestimation of pressure-tube
temperatures was noted for both the simulations. The discrepancies are examined
in this paper and areas for improvement of CATHENA's high-temperature calculation
are addressed.
The work reported in this paper was funded by the C.ANDU** Owners group (COG) .
1.

INTRODUCTION

To demonstrate the safety of current and future CANDU-PHW reactors during
postulated loss-of-coolant accidents, it is important to have a thorough
understanding of fuel channel behaviour at high temperatures under accident
conditions. This understanding is achieved by studying the underlying phenomena
using mathematical models and single-effect tests. These models are coupled into
an integrated code which can then predict the behaviour of the fuel channel.
Data for the validation of the codes come from integrated experiments involving
the complex interaction of pressure, temperature, material properties, heat
transfer and reaction kinetics on fuel channel components subjected to severe
temperature transients. One such series of experiments are the CHAN
Thermal-Chemical Experiments [1].
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Computer codes, such as CHAN II [2] and CATHENA [3], are designed to predict the
thermal and chemical responses of a CANDU fuel channel under postulated accident
conditions. CATHENA has been used to model the thermal-chemical behaviour of
seven-element high-temperature CHAN experiments as part of post-test
analysis [4]. This code has also been used in a blind simulation study where it
adequately predicted the behaviour of a seven-element experiment when only the
input parameters were known [5]. These post-test comparisons between measured
and simulated results help interpret the experimental results and improve our
understanding of the physical phenomena involved. As well, these studies provide
an increased validation base for use of CATHENA in CANDU fuel-channel safety
calculations. This paper reports on a post-test CATHENA simulation of the
28-element CHAN experiment CS28-1.
2.

THE CODE CATHENA AND ITS OXIDATION MODEL

CATHENA [3] is a one-dimensional thermalhydraulic computer code developed by AECL
at Whiteshell Laboratories primarily to analyse postulated loss-of-coolant
accident scenarios for CANDU nuclear reactors. The code uses a nonequilibrium,
two-fluid thermalhydraulic model to describe two-phase fluid flow. Conservation
equations for mass, momentum, and energy are solved for each phase (liquid and
vapour). Interphase mass, momentum, and energy transfers are specified using a
set of flow regime dependent constitutive relations. The code uses a
staggered-mesh, one-step, semi-implicit, finite-difference solution method.
CATHENA has the ability to model a reactor channel in detail. Radial and
circumferential conduction are calculated for individual pins within a bundle,
the pressure tube, and the calandria tube. No axial conduction is calculated;
however, the thermal response in the axial direction is accounted for in the
axial nodalization of the channel. The effects of thermal radiation,
pressure-tube deformation, zirconium/steam reaction, steam starvation, solid
surface contact, and the presence of noncondensables can all be modelled.
The zirconium/steam reaction is exothermic and can be expressed as
Zr + 2H2O -• ZrO2 + 2H2 + 586.4 kJ per mole of Zr.
Under severe accident conditions, the oxidation of zirconium alloy fuel cladding
and pressure tubes can add a substantial amount of heat to the nuclear decay heat
in the fuel channels. If sufficient steam and Zircaloy are available for the
reaction, the heat generation will be determined by the temperature. CATHENA
provides several correlations for calculating oxidation rates at different
temperature ranges. Two sets of oxidation correlations were examined in this
study, the Urbanic-Heidrick correlation [6] (UH) and the Leistikow [7] with
Prater-Courtright [8] correlation (LE) (see Figure 1 ) .
3.

THE EXPERIMENT

Experimental Apparatus
The 28-element test section consisted of three rings of fuel element simulators
concentrically located inside a Zr-2.5 Nb pressure tube (Figure 2 a ) . Each fuel
element simulator consisted of Zr-4 cladding, 15.2-mm outside diameter and
14.4-mm inner diameter, within which annular alumina pellets electrically
insulate the cladding from a 6-mm diameter graphite rod heater. The length of
the heated section was 1800 mm.
The fuel element simulator bundle was surrounded by a 2105-mm-long section of
autoclaved Zr-2.5 Nb pressure tube mounted inside a 1780-mm-long Zr-2 calandria

tube (Figure 2 b ) . The calandria tube was surrounded by heated, stirred water in
an open tank. Five spacer plates, machined out of 0.90-mm-thick Zr-4, were
uniformly placed in the heated zone of the test section (Figure 2 b ) . Their
purpose was to simulate the effects of CANDU bundle end plates on steam flow
patterns through the fuel element simulator bundle and to help minimize sag of
the bundle at high temperatures.
A schematic of the test apparatus is shown in Figure 2c. Steam produced in the
boiler passed through the steam superheater and into the test section. The steam
picked up energy from the hot fuel element simulators as it passed through the
test section and some of the steam reacted exothermically with the zirconium,
releasing hydrogen. The hot steam-hydrogen mixture exiting the test section was
directed through a condenser to condense the steam. The resulting mixture of
condensate and hydrogen entered a water trap where the condensate was collected.
The remaining hydrogen gas flowed through a mass flowmeter and was vented to
atmosphere.
Instrumentation
The fuel element simulators were connected in parallel to a DC power supply. The
power connections were set up in three distinct rings: outer, middle, and inner
(Figure 2 a ) . This allowed the radial power distribution through the bundle to
approximate that found in a typical CANDU 28-element bundle. One of the four
inner ring pins was not powered in this test and was used for instrumentation
purposes.
Test section temperatures were monitored at 12 axial locations using a total of
80 thermocouples. Thirty-seven C-type thermocouples were installed through holes
in the alumina pellets inside the fuel element simulators. These thermocouples
were about 1.4-mm away from the inner surface of the Zr-4 cladding. Steam flow
to the test section was determined using an orifice plate and the pressure was
measured using gauge pressure transmitters. The accuracy of these measurements
was estimated as follows:
Electric power
±4 . 5%
Temperature up to 1800°C
±2%
Steam flow at 10 g/s
±0.5 g/s
H 2 flow up to 0.44 mol/s
±2%
Pressure up to 500 kPa
±1%
Experimental Procedure
The test was divided into five distinct stages and the controlled input parameter
histories are shown in Figure 3. The steam superheater and test section were
heated in nitrogen until pressure-tube temperatures exceeded 200°C (stage 1) .
Steam was then introduced into the test section at 10 g/s and the nitrogen flow
stopped at the end of stage 1. This flow rate of steam was maintained until the
end of the test. During stage 2, the test section was heated for roughly 4800 s
with 10 kW of electric power. Power was ramped to 20 kW at the start of stage 3
and subsequently increased to 40 kW to increase fuel element simulator
temperatures to about 900°C. Power was further increased to 135 kW at the start
of stage 4 (Figure 3 ) . Power remained at this level until recorded temperatures
exceeded 1650°C, after which the power was shut off to study the heat released
from the zirconium/steam reaction. The test was terminated by shutting off the
steam flow 16 s after the electric power was shut off.
Experimental Results
The experiment achieved fuel element simulator temperatures as high as 1730°C at
an axial location of 1725 mm into the heated zone. Figure 4 shows fuel element

simulator temperature histories at various radial locations at 157 5 mm into the
heated zone. Significant radial temperature gradients indicated that the
dominant heat flow path was in the radial direction (not a x i a l l y ) .
Electric
power to the test section was shut off at 852 s, when peak recorded temperatures
reached 1680»C. Fuel element simulator temperatures toward the end of the heated
zone continued to increase after the electric power was turned off.
Temperatures
continued to increase for 16 s to a maximum of 1730°C when the zirconium/steam
reaction was stopped by shutting off the steam flow to the test section.
Hydrogen production from the zirconium/steam reaction started when maximum
measured temperatures reached about 750°C. The hydrogen production rate remained
below 0.007 mol/s until temperatures reached 950°C (stage 4 ) , after which the
rate steadily increased, reaching 0.23 mol/s by the end of stage 4. The peak
hydrogen production rate during the experiment was 0.28 mol/s, which occurred
just before the steam flow was shut off.
4.

MODELLING METHODOLOGY AND ASSUMPTIONS

The experimental conditions were simulated using CATHENA MOD-3.4b/Rev 7.
modelling methodology and assumptions were:

The

1)

The heated portion of the test section was axially discretized into 12
equal-length segments. In each axial segment, the pins and the pressure
tube with the calandria tube were sectored as shown in Figure 5a to enable
CATHENA to represent the flow subchannels and predict circumferential
temperature variations. Each of the 28 pins was divided into 2 sectors,
whereas the pressure and calandria tubes were divided into 10 sectors. All
28 pins had to be modelled individually (no grouping) because one of the
inner-ring pins was not electrically heated, thus removing the symmetrical
advantage for modelling.

2)

The total flow area was divided into four subchannels as shown in
Figure 5a. Each flow subchannel was treated as a horizontal pipe with a
different flow area and hydraulic diameter. Figure 5b shows the
thermalhydraulic connections for the steam/hydrogen flow. No mixing was
assumed to take place among the four subchannels along the test section
except at the ends of the test section and at the locations of the five
spacer plates (mixers). At these locations the subchannel flows were
assumed to be completely mixed.

3)

The measured normalized pin power ratios for the inner, middle, and outer
rings of the fuel element simulators were 0.78, 0.87, and 1.10,
respectively, and were used in the simulations. Electric power for each
heated pin was assumed to be distributed uniformly along the 12 axial
segments.

4)

Radiation view factors for the pin surfaces and inner pressure-tube
surfaces (Figure 5a) were calculated by CATHENA. Each surface was treated
to be isothermal, opaque, diffuse, gray and surrounded by a nonabsorbing
and nonscattering medium.

5)

Deformation of the test section was neglected.
Post-test cross sections of
the test section have shown minimal bundle slumping and pressure-tube sag
during the experiment. Therefore, this assumption should not have a
significant impact on predicted results.

6)

Conduction and radiation in the axial direction were not modelled.
Relatively flat axial temperature profiles were seen from the measured

data, indicating negligible axial heat flow except near the ends of the
test section. Axial heat losses to the end hubs during the experiment were
not accounted for in this analysis.

5.

7)

Emissivities for the fuel element simulator cladding and the inner and
outer surfaces of the autoclaved pressure tube were assumed to be constant
at 0.8 [9]. Emissivity for the inner surface of the calandria tube was
assumed to be 0.34 [9].

8)

The CATHENA simulations were started at an experimental time of 400 s (the
middle of stage 3 ) . Initial conditions for the simulations were taken from
the measured values at 400 s. Test input conditions were linearly
interpolated from the measured values (Figure 3 ) . Results from a
simulation started at a much earlier time showed a negligible effect on
simulation results for the later transient.
COMPARISON BETWEEN EXPERIMENTAL AND SIMULATED RESULTS

Two CATHENA simulations were performed using identical input conditions. One
simulation used the Urbanic-Heidrick (UH) correlation and the other simulation
used the Leistikow-Prater-Courtright (LE) correlation. These two simulations
were designed to determine the impact of different oxidation correlations on the
predicted behaviour of the 28-element test section.
Fuel Element Simulator Temperatures
Measured and simulated temperatures for the inner ring of fuel element simulators
are compared at three axial locations in Figure 6. The calculated temperatures
using both the UH and LE oxidation rates agree well with the measured values
until temperatures exceed 1500°C. At 1500°C, there is a dramatic increase in the
oxidation kinetics within the LE correlation (Figure 1 ) , credited to allotropic
changes in the structure of ZrO 2 from tetragonal to cubic. The increase in
oxidation kinetics with the UH correlation occurs at 1580°C. This theoretical
increase in oxidation kinetics results in a substantial increase in the predicted
heating rate of the fuel element simulators. The measured temperatures for the
powered simulator (TC37 in Figure 6a) show that this heatup rate increase
occurred at about 1550°C in the experiment.
In the simulation using the LE-oxidation rate, local steam starvation was
predicted in the inner-ring subchannel near the test-section exit end. This
localized steam starvation limited predicted cladding temperature escalations
during the latter part of stage 4 and during stage 5 (Figures 6 ) . Temperatures
recorded by thermocouples showed no evidence of steam starvation nor was there
any steam starvation predicted within the bundle when the UH-oxidation rates were
used.
Simulated pin temperatures using both the UH- and LE-oxidation rates at some
axial locations (Figure 6) show a continuous increase after electric power to the
test section was turned off in stage 5. These localized temperature escalations
were observed in the experiment, indicating a self-sustaining zirconium/steam
reaction under the test conditions studied.
Similar trends are noted in measured and simulated temperature histories for the
middle- and outer-rings of the fuel element simulators (Figures 7 and 8) . The
simulated temperatures using the UH-oxidation rates followed the experimental
data closely, with a maximum overestimation of 100°C in stage 5. The simulated
pin temperatures using the LE-oxidation rates increased sharply when they
exceeded 1500°C. The temperature escalation stopped once a local steam-starved

condition was predicted or the steam flow was shut off at 866 s. These early
temperature escalations resulted in CATHENA overestimating middle-ring and
outer-ring pin temperatures by as much as 200*C.
Pressure-Tube Temperature
Measured and simulated pressure-tube temperatures are compared in Figure 9 at
three axial locations. The difference between the simulations using the two
different oxidation correlations was small, except in stage 5. Both the UH- and
LE-based simulations overestimated pressure-tube temperatures. The
overestimation started with a significant difference between measured and
simulated pressure-tube heatup rates in stage 3. Possible reasons for this
overestimation are addressed in the discussion section of this paper.
Calandria-Tube and Steam Temperatures
Simulated calandria-tube temperatures (Figure 10a) agree with measured values.
Slight overestimations are seen near the end of stage 4 and thereafter when
significant nucleate boiling was predicted to take place on the outer surface of
the calandria tube.
Measured and simulated steam (steam-hydrogen mixture) temperatures at Z=1575 mm
are compared in Figure 10b and 10c. CATHENA accurately calculated the steam
temperatures for the different subchannels, with the central subchannel (TC65)
being hottest. The simulated steam temperatures for both the UH- and
LE-oxidation rates prior to the end of stage 4 were within the uncertainty of the
steam temperature measurement.
Hvdroaen Production
The measured and simulated hydrogen production rate and cumulative hydrogen
production from the zirconium/steam reaction are compared in Figure lla and lib.
These hydrogen production values are over the entire test section and reflect the
average test-section temperature, total zirconium/steam reaction area, and steam
available for the reaction along the test section.
The simulated hydrogen production rates with both LE and UH oxidation
correlations agreed reasonably well with each other prior to 750 s. The two
simulations were consistently higher than the measured values (Figure lla). The
LE-based hydrogen production rate curve rose sharply when the calculated
test-section temperatures exceeded 1500°C. This was because the LE correlation
has a step increase in oxidation kinetics at this temperature (Figure 1) . A
similar increase in hydrogen production rate was noted to occur in the experiment
when the measured test-section temperature exceeded 1550°C. As a result, the
simulated (LE) hydrogen production rates elevated at 810 s, 25 s earlier than the
experimental data. This predicted earlier escalation resulted in a further
overestimation of hydrogen production rate towards the end of the simulation when
the LE correlation was used.
The measured peak hydrogen production rate was 0.28 mol/s which occurred just
prior to shutting off the steam flow to the test section. The simulated peak
rate of 0.285 mol/s using the UH correlation was within 2% of the measured value.
The peak hydrogen production rate was overestimated by a factor of two when the
LE-oxidation rates were used. The simulated peak rate was limited by the amount
of steam available in the test section. For this case, the code predicted that
all 10.5 g/s of steam was fully converted to H 2 as it flowed to the test-section
exit end.

The cumulative hydrogen production (obtained by integrating the hydrogen
production rate with respect to time) is shown in Figure lib. A total of
18.5 mol of hydrogen was collected during the experiment by the time steam to the
test section was shut off at 866 s. The predicted hydrogen production using the
UH correlation up to 866 s was 24 mol, 30% more than collected during the
experiment. A total of 39 mol of hydrogen was predicted using the LE-oxidation
rates, 110% more than that measured.
Energy Balance
The measured and simulated energy components over the entire test section are
compared in Figure 12. Heat was generated by electric current flowing through
the graphite heater and by the zirconium/steam reaction. Some of this heat was
removed by the steam flow and some by surrounding moderator. Energy lost by
conduction to the end connections could not be determined for the apparatus, but
was estimated to be a low percentage of the total energy input.
The experimental heat generation rate from the zirconium/steam reaction
(Figure 12b) was obtained by multiplying the hydrogen production rate by 293.2
kJ/(mol H 2 ) . The simulated values for the reaction heat generation using the
UH-oxidation rates were within the measurement uncertainty (Figure 12b). The LE
curve was higher than the experimental data after 810 s as expected from the
calculated test-section temperatures and hydrogen production rate.
Energy removed by the steam flow was estimated as the product of the measured
steam flow rate and the measured steam temperature difference between axial
locations Z = 0 and Z = 1575 mm (Figure 12c). The simulated (UH and LE) curves
for energy removal rates by the steam flow matched with the experimental results.
Figure 12d compares the simulated heat removal rate by the water surrounding the
calandria tube with the heat removal rate estimated using measured temperatures.
The heat removal rate in the experiment was estimated by calculating conduction
and radiation heat transfer through the C0 2 gas annulus between the pressure and
calandria tubes (solid line in Figure 12d). Effects of the flowing CO 2 in the
annulus and the flow disturbance by the pressure-tube thermocouple wires, and
axial heat losses to the end fittings were not included in these calculations.
Although the predicted heat removal rates were higher than the experimental
values, the actual heat removal rates during the experiment are expected to be
higher than the values shown in Figure 12d.
6.

DISCUSSION OF THE RESULTS

CATHENA accurately predicted fuel element simulator temperatures up to 1500°C
using both the UH- and LE-oxidation rates. This indicates an adequate
calculation by CATHENA in high-temperature heat transfer (e.g., for convection,
zirconium/steam reaction, and radiation).
Above 1500*C, the UH-based simulation results continued to follow the
experimental data closely. The calculated hydrogen production rates with this
correlation were within the uncertainty of the hydrogen flow-rate measurement.
Test-section temperatures and hydrogen production rates, however, were
overestimated when temperatures exceeded 1500°C and the LE-oxidation correlation
was used.
The overestimated temperature escalation with the LE-oxidation rates above 1500°C
suggests that deposition of the oxidation reaction heat may not be properly
handled. The current CATHENA model assumes that the heat generated from the

zirconium/steam reaction is deposited in the zirconium (Zr) layer immediately
adjacent to the interface between ZrO 2 and Zr. This can result in localized
heating of the region at high oxidation rates which further escalate the
temperature and the reaction rate. A further study is under way to assess the
impact of this assumption.
Increases in oxidation kinetics between 1500 and 1600°C are credited to
allotropic changes in the structure of ZrO 2 from tetragonal to cubic around these
temperatures [6,8]. There exists a large uncertainty in the temperature at which
the ZrO 2 phase change initiates. Prater and Courtright [8] reported that the ZrO 2
phase change was observed around 1510°C. Urbanic and Heidrick [6] reported that
at about 1580°C a discontinuity was seen on the plot of the temperature-dependent
growth constants for the combined ZrO 2 /a-Zr layer. This uncertainty affects the
CATHENA results significantly (e.g., see Figure 6) because the correlations
switch from a low oxidation rate to a much higher rate once this phase-change
temperature is reached.
The microstructure change in the ZrO 2 layer is also unlikely to be instantaneous
(a step increase) as assumed by the correlation. Any lag in the phase change
will result in lower oxidation rates and hence lower predicted temperatures until
the change is complete. Therefore, reducing the uncertainties in this
phase-change temperature and the time required for the completion of the phase
change will improve CATHENA predictions above 1500°C.
Good agreement between measured and simulated steam temperatures and heat removal
rates by steam flow was found. This suggests convective heat transfer in the
28-element bundle for superheated steam (with noncondensable hydrogen) was
correctly modelled in CATHENA.
The simulated pressure-tube temperatures were significantly higher than measured,
regardless of the oxidation rates used. This discrepancy can partly be
attributed to neglecting the effect of flowing CO 2 in the fuel channel annulus.
The CO 2 flow in the annulus between the pressure and calandria tubes was 0.18 g/s
in this experiment and could reduce the thermal boundary layer thicknesses and
enhance radial heat removal. As well, the presence of thermocouple wires and
standoffs on the outside surface of the pressure tube may cause disturbances in
the flow which further increase radial heat transfer. Analysis is needed to
clarify this impact.
7.

CONCLUSION

From the present validation work, the following conclusions can be drawn
1)

CATHENA (MOD-3.4b/Rev 7) accurately predicted fuel element simulator
temperatures up to 1500°C using both the Urbanic-Heidrick and LeistikowPrater-Courtright oxidation rates, indicating an adequate prediction of
high-temperature heat transfer and oxidation rates.

2)

Above 1500°C, the simulation results using the Urbanic-Heidrick oxidation
correlation continued to follow the experimental data closely. With this
correlation, the calculated hydrogen production rates were within the
uncertainty of the hydrogen flow-rate measurement.

3)

CATHENA predicted rapid temperature escalations when the calculated
test-section temperatures exceeded 1500°C and the Prater-Courtright
oxidation correlation was used. The resultant calculated hydrogen
production rates using this oxidation correlation were about twice as high

as the measured values.
investigated.
4)

Potential reasons for the overestimation are being

A significant overestimation of pressure-tube temperatures was noted during
this study, regardless of the oxidation correlation used. Possible reasons
for the overestimation were discussed, and further studies are required to
fully understand this discrepancy.
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Abstract

Electric Power Development Co. Ltd. (EPDC) is actively engaged in the
preparatory work for the construction of a pressure tube type of Demonstration
Advanced Thermal Reactor (D-ATR) nuclear power plant as a national project.
A pressure tube rupture, a hypothetical event specific to pressure tube type
reactors, is considered an event outside the realm of possibility. This is due to
high integrity of the pressure tubes due to their being designed, manufactured and
inspected in accordance with the intent of the requirements of class 1 vessels of
the ASME Code.
In addition, even assuming a leak to occur, it can be detected at an very early
stage by means of the annulus COE gas system, thus allowing an appropriate measure
to be taken before a rupture to occur.
In spite of these design considerations, a pressure tube rupture test program
was planned, and part of it has been successfully performed so far, to verify the
degree of safety inherent in the design of the D-ATR.
The paper will present overall test program along with how each test has been
conceived. Preliminary test results of the test will be presented and discussed in
two other papers in this CNA/CNS conference.
2.

Introduction

Fugen-type D-ATR (Fig.1) is a heavy water-moderated boiling light water-cooled
vertical pressure tube type reactor and raised its output to 606MWe from 165MWe of
prototype ATR "Fugen" nuclear power plant. Site-related preparations are in full
swing at the northern tip of the Mainland Honshu, Ohma, Aomori prefecture (Fig. 2)
for the projected start of construction in 1997.
In conjunction with this effort, verification test programs, the Technical
Verification Tests for the D-ATR, have been continuing, to verify reliability and

safety of equipment and components specific to the pressure tube type reactor taking
account of current stringent regulation practices.
This paper will discuss a pressure tube rupture test program which is one of
the major tests of the Technical Verification Tests for the D-ATR.
A rupture of the pressure tube is regarded an event of extremely low
probability, so low as to allow, for all practical purposes, elimation of the event
out of the design considerations. It is due to extreme care taken for the pressure
tube in the design, fabrication, and inspection according the intent of the
requirements of Class 1 vessels of the ASME Code. Further augmentation against
rupture comes from a capability of a leak detected at a fairly early stage by the
CO2 annulus leak detection system.
In spite of these considerations, one can readily agree on the importance of
verifying the degree of safety by confirming the consequence of such a hypothetical
event. For this purposes, a program has been planned and is now in progress for the
investigation of 1) integrity of the calandria tube and fuel coolability in the
event of a pressure tube rupture (PT-only rupture tests), and 2) resultant effects
on adjacent structures and fuel coolability, in the event of a simultaneous rupture
of the pressure tube and calandria tube (PT/CT rupture tests).
The pressure tube rupture test loop is already in place. Part of the test has
been successfully completed so far. Results and findings of the tests will be
published or presented in a conference as appropriate as they become available.
3.

D-ATR Reactor Core Structure

The D-ATR reactor core consists of a calandria vessel, a shield tank
surrounding the calandria vessel and 616 vertical fuel channel assemblies positioned
within them, each of which contains a fuel assembly through which passes the
boiling light water coolant. The calandria/shield tank structure supports fuel
channel assemblies.
The fuel channel assembly consists of a Zr-Nb alloy pressure tube, an upper and
a lower stainless steel end fitting to which the pressure tube is connected by a
rolled joint at each end, and a shield-seal plug which is inserted at the lower
portion of the lower end fitting. The fuel channel assembly goes through a passage
created by the shield tank lattice tubes and a calandria tube.
The 616 Zry-2 calandria tubes are rolled at each end into the calandria vessel
tube sheet. An anti-vibration plate is provided at the center of calandria vessel
to prevent vibration of in-core flux monitors in the event of the earthquake.
The annulus space between the pressure tube and the calandria tube is filled
with COz gas and sealed by annulus bellows at the upper portion of the upper end
fitting. CO2 gas suppresses heat transfer from the pressure tube to the heavy
water surrounding the calandria tube and moisture in C0 2 gas is quickly detected

when the leakage from pressure tubes would occur.
4.

PT-only Rupture Tests
(1) Objectives of Tests
A pressure tube rupture causes the coolant to flow out of the opening into
the annulus between the pressure tube and calandria tube, while potentially
impairing fuel cooling. When the annulus is finally filled up with the coolant,
a water hammer would create pressure pulses, adversely affecting calandria tube
integrity.
The PT-only rupture tests are thus intended to:
1) investigate thermal-hydraulic behaviors of reactor coolant during pressure
tube rupture event, and verify thermal-hydraulic analysis code.
(Thermal-Hydraulic Test- PTF)
2) perform demonstration tests under conditions more stringent than actual
reactor conditions to confirm maintenance of calandria tube integrity and
the extent of fuel deformation.
(CT Integrity Demonstration Test- CTI)
3) investigate fuel dry-out and subsequent heat transfer phenomena with severe
cooling geometry, and assess applicability of fuel coolability analysis code.
(Fuel Coolability Test)
Fuel coolability test will be discussed in this conference by other authors.
Figure 3 is overall test program which indicates the flow of evaluation and
the objectives of the PT rupture tests.
(2) Test Loop
The considerations in planning test loop were maximum use of existing
facilities of the 0-arai Engineering Center of Power Reactor and Nuclear Fuel
Development Corporation (PNC), and versatility of the test loop to permit its
use for the PT/CT rupture tests as well, which will be discussed later.
Figure-4 shows a flow diagram of the test loop. It uses the existing
electric heaters for providing simulated reactor coolant at required temperature
and pressure. A simulated calandria tank is added to the loop. The height of
the simulated calandria tank was chosen to be the same as the D-ATR calandria
tank,4.5m, to allow installation of actual fuel channel assemblies. The
diameter of simulated calandria tank was chosen to be such that 97 full
channels can be installed which are approximately a sixth of the D-ATR (616
channels) to allow conducting the PT/CT rupture tests as well. In the PT-only

rupture tests, the channel in the center position constitutes a test channel.
The others are dummy of stainless steel pipes of 5mm in thickness with an
outside diameter indentical to the calandria tube.
Although the D-ATR is of boiling light-water cooled type with a coolant
pressure of 7.25 MPa, the test loop is such that it permits tests only at
approximately 10°C of sub-cooling conditions under up to a pressure of 8 MPa.
This test setup would create jet flows and water hammer phenomena more severe
than in the actual reactor conditions.
(3) Test Channels and Test Procedures
a) Thermal-hydraulic Test (PTF)
The D-ATR uses Zr-Nb pressure tube and Zry-2 calandria tube of 4.3 mm and
1.9 mm in thickness respectively. In the PTF, the test channel is composed of a
simulated carbon steel pipe with a thickness and a diameter identical to the
pressure tube and a simulated stainless steel pipe of 5 mm in thickness with an
inside diameter indentical to the calandria tube.
The thicker calandria tube is used to create higher pressure peaks in the
annulus than would be expected in the actual reactor system. The other
components comprising the channel, such as the end fittings, shield plugs and
lattice tubes are of shorter lengths than the actual channel although pressure
drops across the components are made identical to the latter. The annulus
bellow of the real channel is simulated by a rupture disk. A simulated fuel
assembly in the test channel is identical to the actual one except that fuel pin
is made of stainless steel solid bar.
A simulated pressure tube is provided with a 300mm-length slit on its
external surface and a relatively shallow guide slit on both ends of the
surface slit. This will cause the tube to rupture at a specified pressure and
lead to a specified rupture length when it is pressurized by mean of loop
pressurization.
Figure 5 shows the arrangement of the instrumentation in the Thermalhydraulic Test.
b) CT Integrity Demonstration Test (CTI)
Since a major objective of this test is to demonstrate calandria tube
integrity, the test arrangement differs from the previous Thermal-hydraulic
Test in that the actual pressure tube, calandria tube, end-fittings, shield
plugs and lattice tubes are used, with the exception of the channel bellow
which is simulated again by a rupture disk. The pressure tube is rolled to the
upper and lower endfittings, and the calandria tube to the calandria tube sheets.
The fuel assembly is identical to the actual one except for simulated lead
pellets. The slit configuration and method of pressurization of the channel are
again identical. The instrumentation on the calandria tube is limited to a

minimum numbers of strain gauges and thermocouples to preclude any interference
with the integrity of the tube.
Figure 6 shows a schematic of the test channel arrangement.
(4) Test Conditions
a) Thermal-hydraulic Test (PTF)
Parameters likely to influence thermal-hydraulic behaviors in the event of
a pressure tube rupture would include slit length, slit position, rupture
pressure and sub-cooling. Slit lengths were chosen as lm, 2m, and 3.7m which is
equal to the effective core length. Slit position was in the center of
pressure tube length. The target rupture pressure was set at 7.25 MPa, the
actual operating pressure of the D-ATR.
The rupture pressure of carbon steel pressure tubes varied to a large
extent from the target rupture pressure so that it expected that the effects of
rupture pressure and sub-cooling could be confirmed as a result. The rupture
positions were in the center for all experiments because for a slit of these
lengths, it was considered that the rupture position would not have a sensitive
effect on the annulus peak pressure. The sensitivity of rupture position will
be confirmed in the CT Integrity Demonstration Test discussed in the next
section.
The results of this test will be presented by other authors at this CNA/CNS
Conference.
b) CT Integrity Demonstration Test (CTI)
In this test series, the target rupture pressure was set at 7.25 MPa again.
There was little variation in rupture pressure of Zr-Nb tubes. The slit
lengths were chosen as 0.3m, lm, 3.7m and the slit position was in the center
position except that one out of two 0.3m length tests was in the inlet position.
5.

PT/CT Rupture Tests
(1) Objectives of Tests
When the pressure tube and calandria tube have both ruptured, the reactor
coolant will flow into the calandria tank, causing a rise in the calandria tank
internal pressure, and could lead to deformation of the fuel assembly in the
ruptured PT, and adversely affect in-core structures such as the neighboring
channels and control rod guide tubes by the coolant jet flow etc.
The PT/CT rupture tests are thus intended to:
1) Investigate thermal-hydraulic behaviors of reactor coolant in the calandria
tank during simultaneous pressure tube and calandria tube rupture and verify

tank pressure rise analysis code. (Simulated Material Test- PTC).
2) Confirm effects on in-core structures such as neighboring channels by the
coolant jet flow and deformation of fuel assembly in the ruptured pressure tube
during PT/CT simultaneous rupture. (Demonstration Test- NCI)
3) Assess the coolability of deformed fuel assembly during simultaneous PT/CT
rupture and verify required fuel coolability analysis technique. (Fuel
Coolability Test)
(2) Test Loop
The test loop for the PT/CT rupture tests is identical to that for the PTonly rupture tests in section 4.(2).
The size of simulated calandria tank was chosen to be such that 97 fuel
channels can be installed taking account of the diffusion area obtained in the
previously performed Gd poison injection tests. A 600mm diameter rupture disk
was installed in the simulated calandria tank, (see Fig. 4)
The simulated calandria vessel has a greater degree of rigidity than that
of the D-ATR because of the use of a number of thicker simulated calandria
tubes so that internal pressure rise in the simulated calandria tank would be
higher than that expected in the actual calandria tank.
(3) Test Channels and Test Procedures
a) Simulated Material Test (PTC)
The rupture channel for this test series is essentially identical with that
of the Thermal-hydraulic Test referred to in section 4. (3)a). The calandria
tube, however, is a stainless steel tube of 2mm in thickness with an inside
diameter identical to the actual calandria tube, with a through-slit being cut
into the tube at a length corresponding to the length of the slit provided to
the pressure tube. This slit was then sealed with silicone to prevent
simulated heavy-water ingress.
b) Demonstration Test (NCI)
Fig. 7 is a schematic of a rupture channel, adjacent channels, and dummy
channels for the Demonstration Test.
Since a major objective of the Demonstration Test is to demonstrate in-core
structures integrity, the test apparatuses are designed to simulate the actual
reactor conditions as far as possible. Thus, the rupture channel is essentially
identical with that of the CT Integrity Demonstration Test described in section
4.(3)b). Similarly, the adjacent channel on the side receiving coolant jet
consists of the actual pressure tube and calandria tube, and contains the
simulated fuel assembly identical to the CT Integrity Demonstration Test in the
pressure tube. The same pressure as that applied for the ruptured pressure
tube is applied to the adjacent pressure tube on this side.

The adjacent channel on the opposite side consists of a carbon steel tube
with a thickness and an diameter identical to the actual pressure tube and no
calandria tube on the assumption that though the thrust force from the rupture
channel would transfer to the adjacent channel on the opposite side through the
anti-vibration plate located in the center of tank, the load would not be large
enough to dent the adjacent pressure tube.
A number of shutoff rod (SOR) guide tubes made of carbon steel, simulating
the bending rigidity of the actual Zry-2 guide tube, are installed to verify the
non-insertion region of the shutoff rods in the event of simultaneous PT/CT
rupture.
Fig. 8 shows the arrangement of instrumentation for the Demonstration test.
c) Fuel Coolability Test
Based on the deformation behavior of the fuel assembly obtained from the
above PT/CT rupture tests, it is planned to conduct the Fuel Coolability Test at
the decay heat level by using a intentionally deformed fuel assembly.
(4) Test Conditions
a) Simulated Material Test (PTC)
Parameters likely to influence pressure rise in the calandria tank during
simultaneous PT/CT rupture would include slit length, slit position and rupture
pressure. The Simulated Material Test is thus carried out by changing these
parameters.
Since the simulated calandria tank used for these tests is smaller and has
a greater degree of rigidity than the actual one, the pressure rise in the tank
would be large so that for safety reasons the tests will be conducted by
raising the rupture pressure gradually from a low pressure to 7.25 MPa.
b) Demonstration Test (NCI)
Since a major objective of this test is to demonstrate the integrity of incore structures, the test pressure is set at 7.25 MPa which is the reactor
coolant operating pressure. One test will be performed at the slit length of
300mm on the external surface of pressure tube which corresponds to the rupture
area of guillotine break and at the slit position of the center between the
anti-vibration plate and the calandria tank lower tube sheet. The other test
will be performed at the slit length of 3.7m which is equal to the effective
core length.
c) Fuel Coolability Test
The test conditions for this test are currently under consideration.

6.

Test Schedule

The plans for the pressure tube rupture tests were commenced in 1987 and the
PT-only rupture tests are now in the final stage. The PT/CT rupture tests are also
been initiated, with a comprehensive evaluation due to be carried out after their
completion.
7. Conclusion
The construction of the D-ATR, an enlarged version of the prototype Fugen, is a
national project with which EPDC has been involved as the prime organization in the
project.
The pressure tube rupture programs were initially conceived to demonstrate the
degree of safety inherent in the design of the D-ATR and to verify analytical codes
under conditions simulated as close as possible to the those in the actual reactors.
From the findings available so far, some of which will be presented in this
conference, we are confident that we can demonstrate the robustness of the D-ATR
against such a hypothetical event as a pressure tube rupture.
The rupture test program is still continuing. New insights and findings will be
made public as they become available. We might also mention that we are very much
interested in the similar kind of test now conducted in Canada which will serve as
an important reference to compare our results against.
This test is being conducted by EPDC as part of "The Technical Verification
Tests for the D-ATR", which is entirely funded by the Ministry of International
Trade and Industry.
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ABSTRACT
This paper presents the analytical results of experiments on pressure tube rupture events in an
Advanced Thermal Reactor (ATR), a boiling water cooled and heavy water moderated pressure
tube type reactor. The objective of this study is the verification of RELAP5 safety calculations of
pressure tube rupture events. Full-scale pressure tube rupture experiments were performed to
investigate thermal hydraulics in these events. Preliminary analyses were performed to investigate
the peak pressure value in a range of experimental condition and system conditions in an ATR
demo plant. Calculations were performed for the experimental cases, and predicted pressure
transients with RELAP5 code were compared with experimental data. Predicted peak pressures
were 0.5-lMPa higher than experimental data.

1. INTRODUCTION
Pressure tube rupture events are a possibility in pressure tube type reactors like the ATR. In
the case of a pressure tube rupture the intactness of the calandria tube is an important issue. If the
calandria tube is intact, the effect of an accident is limited to the rupture channel. When the
calandria tube breaks, the accident is expanded into the entire core.
The Calandria tube is exposed to high-pressure and high-temperature steam and water during an
accident. It is easy to calculate the temperature in an equilibrium state. Transient analysis of nonequilibrium two phase flow is necessary to calculate the peak pressure .

2. EXPERIMENTS
Pressure Tube Rupture Thermal-hydraulic Experiments (PTF experiments) were performed
to investigate thermal hydraulics during pressure tube rupture events in the ATR demo plant
(606MWe). A schematic of the experimental loop, including the flow, and pressure control system

is shown in Figure 1. The experimental facility simulated the primary cooling system of the ATR.
Two vessels in the facility (a steam drum and a water drum) were connected with the recirculation
loop (downcommer, recirculation pump, etc.) and core channel (inlet and outlet feeder, pressure
tube, etc.). Pressure tubes were installed in a calandria tank. Two rupture disks were installed in
the annulus region between the pressure tube and calandria tube. The core channel was a mock nip
of those at the ATR demo plant. The rupture disk flow area was equal to the discharge area from
the annulus region to an open space.
Experimental conditions are shown in Table 1. These conditions are consistent with the ATR
demo plant normal operating conditions. Three PTF experiments were performed, each with a
change of axial crack length on the pressure tube wall. The pressure tube broke due to a
preparatory crack when the system pressure reached approximately 8MPa. Pressure and
temperature profiles in the broken pressure tube were measured during the experiments.
Volumetric flow rates in the feeder, and crack propagation speed were also observed.
Each experiment showed similar results . The result of the PTF1 experiment, which was a
typical example of the PTF experiments, is shown in Figure 2. Coolant flowed into the annulus
region between the pressure tube and calandria tube after the pressure tube ruptured. Pressure in
the pressure tube was reduced due to coolant discharge, and the annulus pressure increased. The
temperature of the calandria tube increased rapidly due to heat transfer from the high-temperature
coolant. When the annulus region filled-up with coolant at about 1 sec after the rupture, a water
hammer occurred and the calandria tube was loaded with high internal pressure. After the peak
pressure occurred, pressure was oscillated and decreased.

3. PRELIMINARY ANALYSIS
Preliminary analyses on pressure tube rupture accidents were performed using RELAP5 code
which is based on the non-equilibrium two-fluid model. Sensitivity analyses were performed to
investigate the effects of calculation conditions for the peak pressure during pressure tube rupture.
3.1 ANALYSIS MODEL
An analysis model diagram of the experimental loop is shown in Figure 3. Calculations dealt
with flows in an inlet feeder, a pressure tube and an outlet feeder of the broken channel in one
dimension. The steam drum and the water drum at both ends of the broken channel were treated as
pressure boundaries. The boundary pressure were observed as transient pressures in these vessels.
The broken channel was divided into about 130 nodes. The Average node length was about 0.5m in
standard calculation conditions. The crack path on the pressure tube wall was simulated using the
valve model in RELAP5 code. Crack growth was equivalent to valve opening propagation in the
present calculations.
3.2 SENSITIVITY ANALYSIS
Sensitivity analyses were performed to understand the following two points:

(1) Effect of calculation conditions in the analysis model on peak pressure.
(2) Effect of boundary condition on peak pressure.
The required parameters for a sensitivity analysis were as follows :
Calculation conditions -time step, node length
Boundary conditions -rupture pressure, coolant subcooling
Rupture conditions -crack propagation speed, axial crack length, crack width,
axial crack location
Analysis conditions for each case are shown in Table 2. The bases of the data are as follows.
For calculation conditions :
The sensitivity analyses were performed using different time step and node lengths. The
inputted maximum time step was 2ms and lms. The average node length was about 0.5m in the
standard case and about 0.25m in the other cases.
For boundary conditions :
The sensitivity analyses were performed using different rupture pressure and coolant
subcooling. Analysis conditions were set in a range of experimental and system condition in the
ATR demo plant. Rupture pressure conditions were set in the range of 7-8MPa from an observed
rupture pressure of 8MPa in experiments and system pressures of 7-7.5MPa in the actual reactor.
Coolant subcooling was set in the range of 0-15 K from observed subcooling of 8-13K in
experiments and 0-15K in the actual reactor.
For rupture conditions :
Rupture conditions were difficult to measure due to metal property changes (irradiation and
the passage of time etc.). The crack propagation speed was 300m/s in the experimental result and
the speed of sound in the material was 1400m/s. The axial crack length was 3.7m (full crack length),
2.8m, 1.8m (a half of the full length), and 0.9m (a quarter of the full length). Maximum crack width
was structurally limited to 10 cm, other crack widths were a half and one tenth the maximum width.
Axial locations of the cracks were on the upper , center and lower part of the pressure tube.
Results of the sensitivity analyses are shown in Table 1. The reference sensitivity analysis
case was CASE-1 in Table 1 , and the transient analysis results are shown in Figure 4.
In the case of the calculation conditions, it was concluded that node length and maximum
time step did not effect peak pressure.
In the case of the rupture conditions, peak pressure was not affected very much by crack
length. In the case of different crack length (CASE4 and CASE40-12), the peak pressure of
CASE-12 (crack length 0.9m ,a quarter of full) was less than the other case by O.lMPa. Because
the break area (75cm-) in CASE-42 was smaller than two times the core flow area (96cm-), critical
flow took place at the break site on the pressure tube, and inflow from the pressure tube to the
annulus region was limited. For this reason, the peak pressure in CASE-L2 was reduced. In
summary, when the break area was larger than two times the core flow area, rupture conditions did
not effect peak pressure.

Calculated peak pressures were sensitive to boundary conditions. In the case of rupture
pressure changes (CASE4 and CASE-4,5), the relation of rupture pressure and peak pressure, and
the time of peak pressure occurrence are shown in Figure 5. Under the condition of constant
coolant subcooling, the peak pressure increased as the rupture pressure increased. Even if the
rupture pressure increased, discrepancy among rupture pressure and peak pressure was less than
IMPa (in the case of coolant subcooling 10K).
In the case of coolant subcooling changes (CASE-1 and CASE-6,7,8), the relation of rupture
pressure, peak pressure and the time of peak pressure occurrence is shown in Figure 6. Under the
condition of constant rupture pressure, peak pressure decreased as the coolant subcooling
decreased, because fluid friction increases when void fraction increases. Flow velocity decreased,
which resulted in later peak pressure occurrences and a peak pressure decrease.
Calculated peak pressures were sensitive to rupture pressure and coolant subcooling, but not
sensitive to analysis condition (time-step and node-length) and rupture conditions, (crack length
and crack propagation speed etc.).

4. EXPERIMENTAL ANALYSIS
Calculations were performed for the experimental cases PTF1 (crack length 3.7m), PTF2
(crack length lm), PTF3 (crack length 2m). Pressure tube rupture accidents were analyzed using
RELAP5 code which is based on the non-equilibrium two-fluid model. The analysis model is shown
in Figure 2.
4.1 ASSUMED EXPERIMENT PARAMETERS
(l)Break area
Break area was set at PTFl-630cm 2 ,PTF2470cm 2 and PTF3-340cm2. These value were set
considering fuel element area and crack length from the experimental results.
(2)Crack growth
Axial crack propagation speed was set at 300m/s from the experimental results.
(3)Boundary condition
The boundary conditions were set to vessel pressure in the experiments. This value is shown
in Table 1.
(4)Heat transfer to the moderator
Pressure tube rupture to peak pressure occurred in about lsec. There was a relatively short
time for heat transfer phenomenon. For this reason, heat transfer to the moderator was assumed
to be negligible.
(5)Discharge factor
The discharge factor was set to 0.6 as for standard calculation procedure.

4.2 TRANSIENT RESULT
The calculated results of PTF1, PTF2 and PTF3 are shown in Figure 7-9. Calculated and
experimental results of pressure behavior in each case were compared. The predicted pressure peak
was at least 0.5-lMPa higher than the measured pressure. In the experiments, a part of the kinetic
energy of flow caused the deformation of the pressure tube wall and the fuel assembly, while
structures were assumed to be rigid in the calculations. This explains why experimental peak
pressures were lower than the calculated ones.
Peak pressures in the pressure tube were higher than those in the annulus region in the
experiments, because the fluid in the annulus region was not compressed fully due to the friction of
the fuel assembly and the rupture pressure tube in the experiments. This effect was not included in
the present calculation model. Calculated peak pressure in the pressure tube was almost the same as
that in the annulus region.
The calculated time of peak pressure occurrence after crack opening was in good agreement
with experimental data. The time of peak pressure occurrence was the same as PTF1 and PTF2, but
later with PTF3. This was the reason that Coolant subcooling in PTF3 (9K) was lower than PTF1
(12K).and PTF2 (13K), and this tendency is evident in the sensitivity analyses

5. CONCLUSION
(1) Calculated peak pressures were sensitive to rupture pressure and coolant subcooling, but not
sensitive to analysis condition (time-step and node-length) and rupture conditions, (crack length
and crack propagation speed etc.).
(2)Predicted pressure transients with RELAP5 code were compared with experimental data.
Predicted peak pressures were at least 0.5-1 MPa higher than experimental data.
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Table 1

Pressure Tube

Coolant
Calandria Tube

The Condition of PTF Experiments
PTF2
PTF1
Material/Thickness
STPG42/4.3mm
STPG42/4.3mm
0.3m/1.0m
Pre-Crack/Guide Crack
0.3m/3.7m
Start of Crack
Center
Center
200m/s
300m/s
Crack Prepagation Speed
Expanded Rupture Pressure
5.8Mpa
7.3Mpa
Rupture Pressure
8MPa
7.9MPa
Crack Length
3.7m
1.14m
Temprature
556K
557K
Void Ratio
0%
0%
Coolant Subcooling
12K
13K
Material/Thickness
SUS304/5.0mm
SUS304/5.0mm

PTF3
STPG42/4.3mm
0.3m/2.0m
Center
300m/s
7.4Mpa
7.8Mpa
2.15m
558K
0%
9K
SUS304/5.0mm

Table 2
Case No.

Time-step
(ms)

Node

CASE-1

Result <jf Sensitivity Analysis for Pressure Tube Rupture
Clack
propagation
speed (in/s)

Break area
(cm2)

Crack location Peak pressure
(MPa)

2

0.5

7-5

10

300

3,7

1

300

Center

9.4

CASE-2

1

0.5

7.5

10

300

3.7

1

300

Center

9.4

CASE-3

2

0.25

7.5

10

300

3.7

1

300

Center

9.4

CASE^

2

0.5

.7

10

300

3.7

1

300

Center

8.8

CASE-5

2

0.5

8

10

300

3.7

1

300

Center

9.8

CASE-6

2
2

0.5

7.5

15

300

3.7

1

300

Center

9.7

0.5

7.5

5

300

3.7

1

300

Center

8.8

0.5

7.5

0

300

3.7

1

300

Center

7.4

CASE-9

2
2

0.5

7.5

10

1400

3.7

1

300

Center

9.4

CASE-10

2

0.5

7.5

10

300

2.7

1

225

Center

9.3

CASE41

0.5

7.5

10

300

1.8

1

150

Center

9.2

CASE-12

2
2

0.5

7.5

10

300

0.9

1

75

Center

8.4

CASE-13

2

0.5

7.5

10

1400

3.7

4

1420

Center

9.4

CASE-14

2

0.5

7.5

10

1400

3.7

10

3700

Center

9.4

CASE-15

0.5

7.5

10

300

0,9

2

150

Upper

9.3

CASE-16

2
2

0.5

7.5

10

300

0.9

2

150

Center

9.3

CASE-17

2

0.5

7.5

10

300

0.9

o

150

Lower

9.3

CASE-7
CASE-8
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Coolability tests of fuel cluster were carried out using a full-scale test facility, under a
hypothetical pressure tube rupture event in which it was supposed that the coaxial Calandria tube does
not rupture and serves as a pressure boundary. An analytical method was developed for evaluation of
fuel cluster coolability in a pressure tube rupture event using the subchannel analysis code COBRAATR, modified for this study, and the code was validated through analysis of the full-scale tests. The
result of this analysis indicates that the modified COBRA-ATR code can be applied to predict the peak
fuel cladding temperature in a pressure tube rupture event.
1. INTRODUCTION
Two types of hypothetical Pressure Tube (P/T) rupture events are supposed in the
Demonstration Advanced Thermal Reactor (D-ATR). In a type of P/T rupture events, the coaxial
Calandria Tube (C/T) does not rupture and serves as a pressure boundary (the P/T Rupture Event).
In the other, both the P/T and C/T rupture simultaneously, and coolant with high pressure and
temperature is discharged into the Calandria vessel (the P/T and C/T Rupture Event).
In the P/T Rupture Event, the main concern is to verify the integrity of the C/T and the
coolability of the fuel cluster. In the P/T and C/T Rupture Event, on the other hand, the coolability of
the fuel cluster in the ruptured channel and the integrity of the adjacent C/Ts, PA'S and Calandria
structure (including a Calandria vessel) are the primary focus.
The objective of this study is to verify the coolability of fuel cluster in the P/T Rupture Event
through the full-scale test, and to validate the analysis code based on the subchannel analysis method
through the analysis of full-scale tests.
2. ASSUMPTIVE CONDITION ON COOLABILITY EVALUATION
There are essentially two types of P/T Rupture Event: the radially double-ended instantaneous
rupture (the so-called guillotine rupture) and an axially crack-propagated rupture (the so-called split
rupture). In the guillotine rupture, the coolability of the fuel cluster is not a major problem because
axial expansion of the ruptured parts is limited structurally, and because the coolant flow rate in the
ruptured channel is increased due to the discharge of coolant through the ruptured part. Split
ruptures, however, are assumed to cause radial deformation of the P/T due to inner coolant pressure
acting on the P/T wall, and the inner diameter of P/T and the crack width may increase as a
consequence. As a result of this deformation, the coolant mass flow rate may decrease because the
coolant discharges to the annulus between the P/T and C/T through the axially propagated crack.
Fuel cluster coolability, therefore, is one of primary concerns to be evaluated in the split rupture
1

event, which is correlated with the inner diameter of the ruptured P/T and with the eccentricity of fuel
cluster in the ruptured P/T.
The full-scale test was conducted under above mentioned assumptive conditions with the
maximum inner diameter of ruptured P/T (when the entire P/T wall expands radially and contacts the
C/T in whole axial position) and the maximum eccentricity of fuel cluster in the ruptured P/T. In this
geometry, cross sectional flow area of the ruptured P/T channel is approximately 2.4 fold of that
under normal condition. The increased flow area of the ruptured P/T channel and the fuel cluster
eccentricity lead to an extreme imbalance of coolant flow rates among subchannels. The resultant
very low coolant mass flux in subchannels significantly lowers the heat transfer capability and
conservative test results.
3. FULL SCALE TEST ON THE COOLABILITY IN RUPTURED PRESSURE TUBE
3.1 Facility, Conditions and Procedure
The full-scale test was carried out using a 14MW Heat Transfer Loop (HTL) [1] at O-arai
Engineering Center of Power Reactor and Nuclear Fuel Development Corporation (PNC). The HTL
has a test section housing a full-scale heater-rod cluster which is connected with the electric power
supply system using a direct current, and can simulate the thermohydraulic condition of the coolant in
the D-ATR. The heater-rod cluster, furthermore, can simulate the axial and lateral power distribution
profile of actual fuel cluster in the reactor by varying the thickness of heater-rods, (average thickness
= 1.0 mm)
The simulated channel geometry in the ruptured P/T is shown in Fig. 1. The inner diameter
of the simulated P/T is <j> 150.0 mm, which means that the ruptured and radially fully expanded P/T
wall is in full contact with the inside of the C/T. The simulated heater-rod cluster is arranged with
maximum eccentricity (16.6 mm) in the simulated P/T or with no eccentricity (0.0 mm).
The simulated 36-rod heater-cluster has an axially nonuniform power distribution with
peaking factor of 1.08. The radial power distribution ratios are 1.28, 0.81 and 0.55 in relative power
of the outermost-, middle- and inner-rods, respectively. Twelve spacers which have the same
geometry as the D-ATR are set along the effective heated length with the same span as the D-ATR.
Four additional spacers were set at unheated parts in the lower- and upper-end of the cluster. Heaterrods made of Inconel alloy were used which have a performance of maximum temperature of 1,000

r.

Seventy five Chromel-Alumel thermocouples with an outer diameter of 0.5 mm were welded
on the heater surface through the heater-rod wall to measure the temperature. These thermocouples
were set immediately upstream of the spacers, since pre-dryout and post-dryout tests showed that the
highest temperature occurs at this position. Four additional thermocouples were set to measure the
coolant superheat in the post-dryout region in subchannels. The maximum temperature of the
thermocouples is approximately 1000*C with measurement error of ± 7 . 5 t .
Temperature
measurement was focused on 20 heater-rods which include the expected maximum temperature
heater-rod in the eccentric direction of the cluster. To measure the axial dryout propagation and axial
temperature profile in the post-dryout region, four thermocouples were set for each heater rod in the
upper part of heated length where the peak temperature was expected to be based on the pre-test
analysis.
Onset of dryout and axial/lateral propagation of dryout region was measured under

sufficiently steady state condition with the behavior of post-dryout heater-rod temperature. In
addition, the channel coolant flow rate, inlet coolant temperature, pressure, and pressure difference
between inlet and outlet of the channel were measured at the same time. The location of the
thermocouples attached to the cluster is shown in Fig.2.
Test conditions are summarized in Table 1. The flow rates were set at 25, 35, 45t/h at
eccentricities of either 0.0 or 16.6 mm.
3.2 Test Results
(1) Dryout Power in Ruptured Pressure Tube
The dryout power of the cluster in the ruptured P/T channel without cluster eccentricity was
found to be approximately 20% lower compared with the normal P/T condition. Furthermore, as
shown in Fig. 3, the dryout power of the cluster with 16.6 mm eccentricity decreases by about 10% 20% compared with that of no eccentricity. These results suggest that the dominant factor of the
dryout power decreases under PA" rupture, and maximum eccentricity is the imbalance increment of
mass flow rates among subchannels in the ruptured P/T channel. The dryout location, on the
contrary, is almost the same as that in the normal P/T condition.
(2) Post-dryout Heater-rod Temperature
The test results indicated that the heater-rod temperature in the post-dryout region under 16.6
mm fuel eccentricity was higher than that under 0.0 mm fuel eccentricity. This paper, therefore,
shows the former case with maximum eccentricity as a typical test result.
Radial temperature distribution
Figure 5 shows the radial distribution of heater-rod temperature at the axial position of spacer
N0.3 at which peak heater-rod temperature of 850*0 was observed. Peak temperature occurs at the
outermost heater-rod (closest to the P/T) and the temperature rises also at the middle and inner heaterrods closest to this outermost heater-rod. However, the heater-rods positioned on the side opposite
the cluster eccentricity have no dryout. This means that the coolant flows at the eccentric side
decrease significantly, and much more coolant flows through the broader path on the side opposite the
cluster eccentricity with a small pressure loss.
Axial temperature distribution
Figures 6 and 7 show the axial temperature distribution profile of the heater-rod which
showed the highest temperature. The test data at a lower flow rate (25t/h), shown in Fig.6, indicate
an increasing trend of post-dryout heater-rod temperature along the heated length in the downstream
direction. This trend suggests that superheating of coolant occurs in a subchannel in the post-dryout
region. On the contrary, test data at a higher flow rate (45t/h), shown in Fig.7, indicates a different
but general trend of heater-rod temperature profile in which post-dryout heater-rod temperature
decreases along the heated length in the downstream direction due to the acceleration of two-phase
flow.
Peak heater-rod temperature
Figure 8 summarizes the relation between cluster power and peak heater-rod temperature of
the cluster at three different flow rates (25, 35, and 45 t/h). At a flow rate of 25t/h, the increase in
heater-rod temperature (dryout) occurs at 3.3MW and reaches about 850tT at 3.9 MW. This
temperature profile (temperature vs. cluster power relation) shifts to higher power as the flow rate
increases.

4. ANALYSIS AND CODE VALIDATION
4.1 Analysis Code and Procedure
Analysis code
The above-mentioned observation of the full-scale coolability tests indicates that dryout power
and post-dryout heater-rod temperature in the ruptured P/T channel strongly depend on the
deformation of P/T wall and on cluster eccentricity in the ruptured channel which leads to a greater
imbalance of coolant flow rate among subchannels. From this point of view, the analysis of cluster
coolability in the ruptured P/T channel obviously requires more detailed ones than the onedimensional analysis.
In this study, therefore, we chose the subchannel analysis method because it can be used to
simulate subchannel-wise flow rate and steam quality distribution by considering cross sectional
deformation in the ruptured P/T channel. The COBRA-ATR code was used in this study. This code
is the ATR version modified at PNC based on the COBRA-IV code [2].
Analysis model
The correlations of CHF, pre- and post-dry out heat transfer coefficient, two-phase multiplier,
and the spacer drag coefficient, etc. have been obtained for the D-ATR design and safety
evaluations[3][4]. These correlations were further tuned for subchannel analysis through the
benchmark tests for a number of full-scale thermohydraulic tests including dryout and post-dryout
tests. The two-phase turbulent mixing coefficient was also optimized by considering the dependence
on gap width between rods, mass flow pattern of two-phase flow. In this study, in addition to above,
the spacer drag coefficient which affects the coolant flow distribution among subchannels was
adopted for each subchannel by considering the flow area reduction rate in each subchannel due to
spacer structure followed the variation in the P/T inner diameter and cluster eccentricity.
Subchannel division and axial nodes
The subchannel division in this study, shown in Fig.3, is for channel ruptures with 16.6 mm
cluster eccentricity. As can be seen, a broader flow area, between the cluster and the ruptured P/T on
the side opposite the cluster eccentricity, is divided into inner and outer subdivisions. The axial
length used for the analysis is 4,000 mm which covers the effective heated length of 3,700 mm.
There were 40 axial node divisions, with a resultant inter-node length of 100 mm. The drag
coefficient of the spacers adopted for each node correspond to the axial spacer positions, as shown in
Fig.2.
Analyses were performed by inputting the following experimental data: bundle dimensions,
power profile in the cluster, channel inlet flow rate, channel inlet coolant temperature, and channel
outlet pressure.
4.2 Analytical Results
(1) Dryout Power in Ruptured Pressure Tube
As shown in Fig.4, the predicted dryout power was underestimated by 6 - 13% but coincides
well with the trend of test results for both 0.0 and 16.6 mm cluster eccentricity. In particular,
analysis of the measurements gives almost the same variation of dryout power with both cluster

eccentricity conditions.
(2) Post-dryout Heater-rod Temperature
Radial temperature distribution
Test results on the radial temperature distribution includes information on the dryout location
in the cluster at an axial position and the post-dryout heater-rod temperature for dryout rods.
Comparison between the calculation and test results, therefore, can be done from two point of view.
Figure 5 indicates the comparison of heater-rod temperature distribution at the axial position at
which peak temperature was observed. The analysis predicts well with some conservativeness the
occurrence of dryout at the rods in cluster eccentric side for outer-, middle- and inner-most layer. The
analysis also predicted that heater-rod on the non-eccentric side did not dryout. In addition, peak
heater-rod temperature measured in the test is well traced in each layer.
Axial temperature distribution
The axial temperature distribution profiles are compared in Figs. 6 and 7. The analysis
predicts the axial temperature profile and the peak heater-rod temperature conservatively at several
power levels indicated for both flow rates. Analysis also traces the differences in the trend in the
heater-rod temperature distribution along the heated length. Thus, a tendency was noted whereby the
temperature increases in the downstream direction in the low flow (25t/h) condition, and a tendency
of temperature decrease downstream in the higher flow (45t/h) condition. From the analytical result,
some coolant was superheated in the subchannel at which peak rod temperature occurred.
Peak heater-rod temperature
A comparison of the peak heater-rod temperature in the cluster is shown in Fig.8 in the whole
tested power level at three different flow rates. Analysis predicted well the occurrence of dryout and
peak rod temperature with some conservativeness.
The above mentioned comparisons indicate that the subchannel analysis is effective in
predicting the occurrence of dryout and the fuel rod temperature of the cluster in the hypothetical P/T
rupture event with remarkable deformation of P/T.
5. DISCUSSION
(1) Effect of the Spacer on Heat Transfer Characteristics
Spacers have two different effects on heat transfer characteristics of the fuel cluster. One is
enhancement of heat transfer caused by increased turbulence downstream from the spacer, and the
other is inhibition of heat transfer caused by stoppage of flow just upstream of the spacer. The actual
temperature profile along the heated length with spacers, therefore, can be estimated, such as in Fig.9
[5], for the post-dryout region. In Fig.9, axial temperature along heated length in the post-dryout
region markedly decreased just downstream of the spacer due to a larger heat transfer coefficient,
gradually increased along the heated length, and finally reached the peak temperature just upstream of
the spacer.
In this study, all thermocouples were located just upstream of the spacers to get the highest
temperature on heater-rods. However, the enhanced heat transfer caused by the turbulence
downstream of the spacer is neglected in the analysis. This means that the highest temperature at each
spacer position was analyzed. The analysis presented in this study gives conservative prediction on
actual temperature profile between spacers.

(2) Application to Other Geometry
From the view point of conservativeness, the maximum deformation of ruptured P/T is
simulated in the test. It must be considered, however, that the deformation of a ruptured P/T is not
always at the maximum — that it does not always contact the C/T along the entire length. The
analysis of full-scale dryout tests showed that the analytical method in this study, which is valid for
the P/T ruptured event, can be applied to the P/T events well less than maximal deformation (smaller
inner diameter) with sufficient conservativeness. This means, therefore, that the prediction using the
present analytical method is conservative for intermediate enlargement inner diameter of P/T, and that
this method is applicable to the safety evaluations of the reactor.
6. CONCLUSIONS
Fuel cluster coolability in the P/T rupture event was clarified by full-scale tests. The test
results indicate that the dryout power of the eccentric cluster in the ruptured P/T is shown to be lower
and the fuel rod temperature in the post-dryout region is also markedly higher than those of the fuel
cluster in the normal P/T. The imbalance in coolant flow due to channel geometry deformation due to
the rupture and subsequent cluster eccentricity was found to have the greatest influence on fuel cluster
coolability. It is recognized that this type of event requires detailed analytical method such as
subchannel analysis.
The subchannel analysis code COBRA-ATR reproduces well the experimental results
regarding the dryout power and the fuel rod temperature behavior in the post-dryout region by
considering the effects of the ruptured P/T deformation and the fuel cluster eccentricity. It is,
therefore, found that this code is effective and applicable to the analysis for actual P/T rupture events.
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Table 1 Test conditions

Inner diameter of P/T
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ABSTRACT
In the second test of the supplementary series of the experiments simulating the pressure tube
circumferential differential temperature in the boil off phase, the pressure tube ruptured. The tests
in the supplementary series have been performed with better and more robust electrically heated
fuel element simulators. The objective of this paper is to analyze the results obtained from the
simulation of the second test of this series (supplementary Boil-Off series) (S-5-2) using the
SMARTT computer code. The simulation results are compared with the experimental
measurements. The modifications to the SMARTT code to more accurately represent water level
and model test heaters are also presented.
INTRODUCTION
In a number of postulated loss-of-coolant accident (LOCA) scenarios, some fuel channels are
predicted to initially experience periods of stratified flow. During this period, the steam generated
will flow to the top portion of the pressure tube and thereby expose this region of the pressure
tube to superheated steam. The exposed part of the pressure tube and fuel elements will heat up
rapidly due to fuel decay power where the main heat removal mechanisms are by radiation and
steam convection. As the liquid level drops further, the pressure tube continues to become hotter
at the top while the lower part below the liquid level remains at or below saturation temperature.
Subsequently, the channel experiences a period of sustained liquid boil-off after the feeders are
drained. In this period, the remaining liquid in the channel and end-fittings continues to boil away
and the extent of fuel element over-heating progressively increases. Steam venting may occur
through one or both feeders during this phase. During this period, a circumferential temperature
gradient around the pressure tube that could result in a nonuniform or localized pressure tube
strain which could lead to failure of the pressure tube before ballooning into contact with the
calandria tube.
Three distinct phases of feeder draining have been identified [1], namely, steady steaming, steam
cooling and boil-off. In the steady-steaming phase that corresponds to the early stages of feeder
drainage, the inlet feeder and the inlet end-fittings are filled with liquid that is close to saturation.
The outlet header is completely voided with no liquid to counter flow down the outlet feeder and,
consequently, reducing the established density driving head In the steam cooling phase, the liquid
level drops below the inlet feeder connection to the inlet header and is characterized by a steadily
decreasing density driving head as the liquid level in the feeder decreases. In this phase,
depending on the inlet header conditions, a decreasing flow rate of single or two-phase flow from

the inlet header into the channel is established. In the boil-off stage, the channel and end-fittings
experience a period of sustained boil off in which the extent of overheating of the fuel element
progressively increases.
The pressure tube circumferential temperature gradient experimental program (PT-DELTA T) has
been ongoing at AECL-WNRE under COG (CANDU Owners Group) to investigate the potential
of pressure tube rupture during ballooning. The experimental results were used to validate the
computer code SMARTT (Simulation Method for Azimuthal and Radial Temperature Transients)
[2] which is one of the analytical tools used in the safety and licensing analysis of CANDU
reactors to show that a postulated loss-of-coolant accident does not lead to rupture of the fuel
channels.
Four experimental series have been completed at WNRE to cover all three phases of feeder
drainage. The Boil-Off series was designed to examine the fuel channel response when the
coolant flow is stagnant [3,4,5] (channel boil-off phase). In the Make-Up Water series, the
coolant level is maintained constant by injecting make-up water to balance the steam flow out
of the channel to simulate the steady steaming phase (Make-UP Water series) [6,7]. In the third
series, Steam Cooling series, superheated steam and make-up water are injected simultaneously
into one end of the pressure tube. This simulates a postulated LOCA condition in which the inlet
header is partially voided, resulting in water and steam flow through the heated fuel channel. In
the fourth test series, Variable Make-Up Water series [8], water is injected into the pressure tube
at a controlled and declining rate to study the effect of a gradual decrease in make-up water flow
rate and to simulate the decreasing density driving head as the liquid level in the feeder
decreases. The third and fourth series of the experiments are designed to simulate different stages
of feeder drainage following a large LOCA scenario.
In the latest experiment simulating the pressure tube circumferential temperature gradient in the
supplementary Boil-Off series, the pressure tube ruptured. This test was performed at a system
pressure of 5.5 MPa, higher than the system pressure of the previous five tests in this series. This
test was performed with better and more robust electrically heated fuel element simulators. The
objective of this paper is to analyze the results obtained from the simulation of this Boil-Off test
(S-5-2) using the SMARTT computer code. The modifications to the SMARTT code are also
presented. A discussion of the results obtained from this experiment are also presented together
with analysis and comparison between the experimental and simulation results.
OVERVIEW OF THE SMARTT CODE
The SMARTT (Simulation Method for Azimuthal and Radial Temperature Transients) computer
code [2] is one of the analytical tools used in the analysis of fuel channel integrity and in the
safety analysis of CANDU reactors. The code was developed to predict fuel sheath and pressure
tube thermal and mechanical behaviour under asymmetric coolant conditions such as stratified
or decreasing coolant flow in the channel. Under such condition, the top portion of the pressure
tube and fuel elements are exposed to superheated steam while the bottom portion is cooled with
saturated or even slightly subcooled water. Such conditions can lead to non-uniform pressure tube
heatup in the circumferential direction. If a highly localized hot spot develops on the pressure
tube circumference while the pressure tube is under going transverse strain (ballooning), the

pressure tube could rupture prior to contacting the calandria tube. The code predicts the pressure
tube circumferential temperature distribution and its effect on pressure tube ballooning. The code
also predicts whether the pressure tube will rupture prior to contacting the calandria tube or
balloons into contact with the calandria tube.
SMARTT is a two dimensional code which models one-half of the fuel bundle with symmetry
assumed across the vertical diameter. The code can model either 37-element or 28-element fuel
bundles. The model includes a circumferentially and radially conducting pressure tube with 16
full fuel-element and 5 half-element models for the 37-element bundle. Figure 1 shows the
azimuthal nodalization of a 37-element fuel bundle. The code has been modified to simulate the
experimental geometry and the material used in the fuel-element simulators (heaters).
Each fuel element simulator is divided into eight, equal, azimuthal nodes which are subdivided
into six radial nodes: four for the graphite heater and one each for the alumina insulator and the
Zircaloy sheath. The pressure tube is divided into thirty-two equal azimuthal nodes each of which
is subdivided into four radial nodes. The flow cross-sectional area is divided into forty-two
subchannels.
Radial and azimuthal conduction is taken into account within each fuel element and the pressure
tube. Radiation between the outer surface nodes of all fuel elements and the inner surface nodes
of the pressure tube is also accounted for through a radiation-view-factor matrix with the
assumption of diffuse, isothermal, grey surfaces. Convective heat transfer between the steam
coolant and both the fuel-element sheaths and the pressure tube is calculated assuming laminar
flow. Heat generation due to the Zircaloy/steam reaction on the sheath outer surfaces and the
pressure tube inner surface is modelled with the Urbanic-Heidrick correlation [9]. Heat transfer
by radiation and conduction across the gas gap between the pressure tube and the calandria tube
is also accounted for.
SMARTT employs a finite difference technique to solve the heat conduction equations within the
fuel elements and the pressure tube. A sparse matrix solver is used to simultaneously determine
the temperatures of all nodes within each fuel element and the pressure tube at each time step.
An iteration scheme permits the use of temperature-dependent material properties which are
evaluated at the current temperature. The temperature of each subchannel is calculated as the
weighted average of the temperatures of the surface nodes of each fuel element that borders the
subchannel.
The calculation of the transverse pressure tube strain is based on the creep constitutive equations
of Shewfelt, et al [10]. These creep constitutive equations have been verified against experiments
[11]. The pressure tube strain in SMARTT code are evaluated by employing the code NUBALL
[12] as a subroutine using the same pressure tube nodalization as SMARTT. This approach
provides both the average pressure tube strain as a function of time, and the local strain (wall
thinning) at each circumferential node. Based on these information, it is possible to determine
whether or not the pressure tube achieves sufficient average strain to remain circular and contact
the calandria tube (about 16.4% average strain), before local wall thinning at the hot spot causes
the pressure tube to rupture (local strain at any node reaches 100% true strain before contact with
the calandria tube).

DESCRIPTION OF EXPERIMENTAL APPARATUS AND INSTRUMENTATION
The apparatus for this experiment represented a section of a Pickering-type CANDU fuel channel.
It consisted of a 2105 mm long section of Zr-2.5 Nb pressure tube containing the 28 fuel element
simulators (FES) surrounded by a 1780 mm long Zircaloy-2 calandria tube. The pressure tube
was mounted eccentrically inside the calandria tube simulating a sagged pressure tube geometry
where a garter spring is in direct contact with the calandria tube. The gaps between the pressure
tube and the calandria tube at the top and the bottom were 12.2 mm and 5 mm, respectively. The
calandria tube was surrounded by heated, stagnant water in an open tank simulating moderator.
The top surface of the calandria tube was covered by at least 65 mm of water during the
experiment. The annulus between the pressure tube and calandria tube contained an Inconel X750 garter spring located at the centre of the test section.
The test section, shown in Figure 2, was closed at one end and connected to a vertical exit pipe
at the other end. The exit pipe was connected to a condenser and a surge tank to control the test
section pressure. The steam mass flow rate was derived from differential pressure measurements
at an orifice plate in the outlet piping.
Five spacer plates, made of 0.7 mm thick Zircaloy-4 plate, were positioned at 150 mm intervals
in the heated zone of the test section. Their purpose was to simulate the effects of CANDU
bundle end plates, radially position the FES bundle and to help minimize the FES sag at high
temperatures.
The FESs were arranged as a typical 28-element Pickering type CANDU fuel bundle. Each FES
consisted of Zircaloy-4 cladding (15.2 mm OD, 14.4 mm ID) within which annular Alumina
pellets (14.3 mm OD, 6.1 mm ID, and 16 mm long) electrically insulated the cladding from a
graphite rod heater. The graphite heaters, 6 mm diameter, 1800 mm in length, were coated with
tungsten carbide to minimize the high temperature reaction between graphite and alumina.
The FESs were connected in parallel to a DC power supply. The voltage drop across each FES
ring was measured through voltage taps placed on the power supply connections. Current through
FES was derived from voltage measured across load carrying shunts for each ring of heaters.
Resistance and power were calculated from the measured voltage and current. Power distribution
throughout the FES bundle was designed to be similar to that found in a Pickering-type fuel
bundle. Design targets for normalized element powers were 1.111,0.894, and 0.775 for the outer,
middle and inner FES rings, respectively.
The heated length of the test section was instrumented at five distinct axial locations (Rl to R5
in Figure 2). The detailed radial locations of thermocouples at each axial location (Rl to R5) are
shown in Figure 3. Thermocouples were used to measure the temperatures of the FES cladding
(12 thermocouples), pressure tube (32 thermocouples)and calandria tube (3 thermocouples), exit
steam (2 thermocouples) and water (3 RTDs) in the tank surrounding the calandria tube. The
thermocouples on the FESs and the pressure tube were 0.5 mm OD Inconel-clad, K-type
(chromel-alumel) with magnesium oxide insulation. The thermocouples used on the calandria tube
were made from fibreglass insulated K-type with wire diameters of 0.13 mm. The exit steam and
water surrounding calandria tube temperatures were measured by using K-type sheathed

thermocouples.
Three Linear Variable Differential Transformers (LVDTs) were installed to monitor pressure tube
movements relative to the calandria tube. LVDT 1 and 2 were located near axial location R2,455
mm from the closed end and measured the top and bottom movement of the pressure tube,
respectively. The third LVDT was located on the top of the pressure tube near axial location R4,
1130 mm from the closed end.
EXPERIMENTAL PROCEDURE
The following procedures were used for this test :
1-

The annulus between the pressure and calandria tubes was purged with CO2.

2-

The purge flow was high initially but reduced to near stagnation before the start of the
test.

3-

The water surrounding the calandria tube was stirred and heated to 80°C for degassing
and allowed to cool down to 75°C before the start of the test.

4-

The test section and exit piping were filled with water and pressurized to 5.5 MPa for this
experiment.

5-

The temperature of the pressurized water was gradually raised to the saturation
temperature using 5 kW electric heater.

7 -

The test was started by opening the steam outlet valve and increasing the test section
power by applying a pre-specified transient power history. Test section power and
pressure were manually controlled to maintain steady state values.

8 -

The test was terminated by reducing the power after either the pressure tube had fully
ballooned into contact with the calandria tube or the pressure tube ruptured.
EXPERIMENTAL RESULTS

The channel pressure in this experiment was constant at 5.5 MPa. The transient power history
is shown in Figure 4. The maximum power input to the heaters was 200 kW. When the power
ramp began around 50 s into the experiment, the water started to boil-off and the outlet steam
flow rate peaked at about 95 g/s at about 80 seconds when the power setting was constant at 200
kW. As the upper part of the pressure tube and fuel elements became uncovered, the temperature
at the top increased while the bottom of the pressure tube remained at the coolant saturation
temperature. As the water in the channel continued to boil off, a significant circumferential
temperature gradient developed around the pressure tube.
The average heat up rate at the top of the channel was 4°C/s. The temperature profiles show
similar circumferential temperature gradients occurred at the various axial locations with only a

slight time delay (about 5 s) in ballooning time at the steam exit end. The pressure tube
ballooned into contact with the calandria tube at four axial locations, Rl, R2, R4 and R5. The
contact times were 220.5 s at axial location Rl, 225.0 s at R2, 225.5 s at R4 and 224.0 s at R5.
This was confirmed by the LVDTs measurements and the pressure tube temperature decrease
after contact The pressure tube ruptured at axial location R3 at 226.0 s. The maximum recorded
contact temperatures were 737°C, 748°C and 739°C, for axial locations Rl, R2 and R5,
respectively. The maximum top-to-bottom circumferential temperature gradient on the pressure
tube at Rl, 20° from the top, was 435°C. The pressure tube temperatures at the top decreased
sharply following the contact with the calandria tube. As a result of the contact with the calandria
tube, the thermocouples on the outer surface of the pressure tube were shorted out and their
subsequent measurements were invalidated. There was no indication of PT/CT contact at axial
location R3 before rupture occurred.
The temperature increases on the cladding indicate when the FESs became dry. The
corresponding thermocouple locations were then used to infer water level in the pressure tube
during the experiment. The maximum cladding temperature recorded at Ring 1 and Ring 5 were
988°C and 943°C, respectively.
The calandria tube temperature increased at axial locations Rl and R5 indicating localized film
boiling and subsequent rewetting of this area due to pressure tube ballooning. At axial location
R3, the calandria tube temperature continued to increase gradually until the pressure tube ruptured
at 226.0 s. The calandria tube temperature increased to 655°C from steam impingement on the
calandria tube in this area. This was later confirmed by the presence of local discolouration of
the calandria tube surface at this axial location.
It should be noted that the power output meter did not respond properly for a period of 96
seconds at low power. The power setting was reduced while the meter was adjusted. The test was
restarted again and the early data during this 96 seconds was discarded. However, during this
period, some water was lost from the pressure tube which could not be measured by the flow
orifices since they are calibrated for steam. This uncertainty in the water level was not considered
in the simulation of the experiment.
SMARTT CODE MODIFICATIONS AND ASSUMPTIONS
Two modifications were made to the code for the simulation of the present experiment. The
internal geometry and material of the fuel-element simulators replaced those of the CANDU fuel.
Originally, the code was capable of modelling seven discrete liquid levels from 100% to 0%
liquid in the channel. To increase the accuracy of the liquid level representation, the code was
modified to allow for fifteen discrete liquid levels which improved the accuracy of the code
predictions for relatively slow decreasing liquid level.
The liquid level in the current SMARTT is modelled in seventeen discrete levels due to
nodalization of the channel flow area into subchannels. The liquid levels modelled are : 100%,
97%, 95%, 92%, 86%, 78%, 69%, 60%, 50%, 41%, 31%, 22%, 14%, 8%, 5%, 3% and 0% for
the 37-element model. For the 28-element model, the liquid levels are: 100%, 97.3%, 93.5%,
90.7%, 82.2%, 70.5%, 61.1%, 50.0%, 38.9%, 29.5%, 17.8%, 9.3%, 6.5%, 2.7% and 0.0%. The

percentages indicate the fraction of total channel flow area covered by the liquid. The falling
liquid level is simulated by switching instantaneously from one level to the next.
The following assumptions are used in the simulation of this experiment:
1-

The steam averaging procedure was used in the steam filled subchannels to determine the
coolant temperature.

2-

The emissivity of the fuel element simulators was assumed to be 0.6 and the emissivity
of the pressure tube was assumed to be 0.8. The emissivity of the calandria tube was
taken to be 0.33.

3-

The calandria tube temperature was held constant at the temperature of the liquid in the
water tank for this experiment.

4-

The Urbanic-Heidrick correlation [9] was used to calculate the zircaloy-steam reaction
rate.

5-

The flow was assumed to be laminar in the steam-filled subchannels and a Nusselt
number of 2.0 was used to calculate the sheath-to-coolant heat transfer coefficients. The
coolant-to-pressure tube heat transfer coefficients were set equal to the sheath-to-coolant
heat transfer coefficients in the outer subchannels.

6-

The channel pressure and the power history measured in the experiment were input
directly into the SMARTT code.

7 -

The failure criterion used for the pressure tube rupture was 100% local true strain (i.e.
failure is assumed when the local thickness is reduced to 37% of its nominal value).

8-

The ballooning criterion used for the pressure tube contact with the calandria tube was
16.4% average diametral strain.

9 -

The inferred liquid level determined from both sheath and pressure tube thermocouple
measurements was used in these simulations and was directly input to the SMARTT code.
The water level was assumed to be 100% at the start of the experiment.

10 -

The SMARTT code liquid levels were dropped from one discrete level to the next when
the inferred liquid level became approximately halfway between the two discrete levels.

COMPARISON WITH EXPERIMENTAL RESULTS
Power, pressure and channel liquid level transient are required as input to the SMARTT code.
The power transient and pressure were obtained directly from the measured values. The radial
power distributions measured in the experiment were used as input to the SMARTT code.
The pressure in this experiment was kept constant. The liquid level was inferred from the plots

of the height of various thermocouples above the bottom of the pressure tube versus the time at
which the thermocouple started to indicate increasing temperatures above that of the coolant
saturation temperature. This time was interpreted as the time at which the level dropped below
that particular thermocouple position (Figure 6).
Two parameters are chosen to show the comparison between the SMARTT predictions and the
experimental results, namely, the pressure tube and the heater sheath temperature transients.
Generally, the SMARTT simulation always ends when the pressure tube fails or balloons into
contact with the calandria tube.
SMARTT predictions are compared against the pressure tube temperature measurements at four
axial locations (Rings 1, 3, 4 and 5) and at different circumferential positions (0°, 60°, 80°, 100°,
120° and 180°) as shown in Figures 6 to 9. The agreement between experimental measurements
and predictions of the pressure tube temperatures is good in general. In the early stages of heatup,
slight underpredictions of the pressure tube temperatures in the upper part, at all axial rings, is
evident (Figures 6 to 9). The underprediction is mainly due to the timing of the liquid-level
change scheme used in the SMARTT code. In the later stages of the heatup, the pressure tube
temperatures become marginally overpredicted at the top at all axial locations when the liquidlevel in both SMARTT and the experiment reaches zero. The SMARTT simulation predicted that
the pressure tube reached a maximum temperature of 757°C at the top and it ruptured as the local
strain reached 100% which correspond to zero wall thickness. The maximum measured pressure
tube temperature was 748°C at R2 at 225 seconds.
The simulation predicted that the failure time was 211 s as compared with 226 s from
experiment. The experiment showed that the pressure tube ballooned into contact with the
calandria tube at all other four axial locations (Rl, R2, R4 and R5). Although the SMARTT
simulation predicted the pressure tube failure while the average diametral strain reached is 16.4%.
This means that the failure criteria (100% local stain) was barely satisfied before the ballooning
criteria. Thus the SMARTT code is conservative in predicting an early failure of the pressure
tube. It should be noted that circumferential nonuniform ballooning observed in the experiment
is not modelled in SMARTT as the code assumed the pressure tube remained circular and
concentric during ballooning. This assumption resulted in circumferential pressure tube/calandria
tube contact once the ballooning criterion is satisfied. For that reason the code prediction
indicates that the ballooning or failure occurs at the same time at all circumferential or axial
locations, respectively (Figures 6 to 9).
Figures 10, 11 and 12 show the comparison between experimental measurements and SMARTT
predictions of the pressure tube circumferential temperature profiles at axial Rings 1, 3 and 5,
respectively. The maximum top-to-bottom pressure tube circumferential differential temperature
measured and predicted were 435°C and 426°C, respectively. The code predictions, however
conservative, were in good agreement with measurements at all axial locations of which three
are presented in Figures 10 ,11 and 12. The measured maximum top-to-bottom pressure tube
differential temperature seems to be comparable and almost constant at all axial locations.
Figures 13 and 14 show the comparison between experimental measurements and SMARTT
predictions for the sheath temperatures at axial Rings 1 and 5. These were the only reliable

measurements reported in the experiment since various thermocouples failed at different stages
of the experiment The maximum measured and predicted sheath temperatures were 988°C and
1016°C, respectively. The maximum sheath temperature was predicted at pin #9, node #5 on the
outer surface of the intermediate ring. However, the predictions at the end of simulation (211 s)
are in excellent agreement with the measured sheath temperatures at both Rings 1 and 5. The
simulation seems to slightly overpredict the temperatures at thermocouples #11 (TC 11) and #12
(TC 12) for both Rings 1 and 5. The predictions follow the same trend as the measurements;
however. The time at which TC 11 and TC 12 were uncovered seems to be lagging in the
simulation and the fact that the level transient in this experiment was heavily weighted towards
the pressure tube rather than sheath thermocouples due to some failures experienced on the latter.
In general, good overall agreement between experimental measurements and SMARTT
predictions was achieved in this analysis. The detailed comparison made between measurements
and predictions for the pressure tube and sheath temperatures and predicting the time of failure
and the slim margin between pressure tube ballooning and failure show that the models and
assumptions used in this analysis were appropriate and provided a good representation of the
experimental conditions.
CONCLUSIONS
1-

The SMARTT code was used to model the latest 28-element Boil Off experiment which
is part of the pressure tube circumferential differential temperature experimental program.
The code was modified to model the new improved heater properties and geometry used
in the experiment and to increase the number of discrete liquid levels from 7 to 15 for
more accurate representation of the actual liquid level in the experiment.

2-

In general, good agreement was obtained in temperature comparison between experimental
measurement results and SMARTT predictions. The discrepancies are attributed to the
instantaneous dropping of liquid level method used in the code instead of the actual
continuous smooth decrease in liquid level experienced by the fuel-element simulators and
the pressure tube in the experiment. The uncertainty about the initial liquid level in the
channel is also a factor.

3-

The pressure tube predicted failure time was close to that observed in the experiment.
The pressure tube ballooning criteria of 16.4% average diametral strain was predicted to
almost coincide with the pressure tube failure criteria. This is in good agreement with the
experimental results that the pressure tube simaltanousely ballooned into contact with the
calandria tube at four axial locations that brackets the failure area.

4-

The SMARTT code conservatively predicted early pressure tube failure time and higher
pressure tube and sheath temperatures.

5-

Modelling is underway to implement the feedback effect between geometry changes and
thermohydraulic response in the channel. The other identified improvements have been
included in the SMARTT code development plan.
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1.

ABSTRACT

By adopting a generalized software architecture in which data handling is treated as a separate
function, a unique simulation environment is created. Code modules are linked by a data
highway (or network) which posts or retrieves data from a blackboard file (or database). The
format of the data on the blackboard is specified external to the code modules. Thus code
modules can be added to the data highway as required and their global data handling
requirements specified or modified as required without concern for, or modification of, other code
modules.
This open architecture imposes data definition, data flow specification and code modularity, thus
facilitating code development, verification and maintenance.
Application of this architecture is illustrated with an example of a fuel channel simulation,
CHARON. Separate modules for the channel thermal hydraulics (consisting of several modules),
fuel elements and pressure tube are employed.

2.

INTRODUCTION

As computer simulations become more complex and more inter-disciplinary, efficient methods
are required to develop new codes and to integrate existing codes which model coupled
interacting phenomena. The challenge is to control and support the complex data flow in and
out of various program units or modules.
An effective way to build and maintain complex codes is to employ modular programming
techniques, an efficient global data handling system, and a "plug-in" compatible communication
protocol. Modularity is achieved by partitioning the code into multiple, self-contained modules,
with each subprogram utilizing data hiding methods.
The simulation of fuel channel behaviour under accident conditions is a relevant example of the
code development challenges cited above. Characterising the transient thermal and mechanical
behaviour of fuel bundles for a range of accident scenarios requires an accurate representation
of the thermal hydraulics, fuel and fuel channel behaviour. For each fuel bundle, the following
phenomena are among those that must be considered: the mechanical and thermal characteristics
of fuel elements, pressure tube and calandria tube; surface heat fluxes coupling i) the coolant
characteristics to these surfaces (via convective heat loss/gain) and ii) the surfaces themselves
(via thermal radiation); sheath and pressure tube strain impacting upon flow distribution; and
sheath and pressure tube metal/water reaction as a function of available steam. Due to the direct
coupling of these phenomena, the calculation data must be efficiently tracked. Further, the code
should be developed such that there is no inter-dependency on the degree of model sophistication
in separate modules.
This paper describes a novel general purpose software architecture consisting of a flexible
memory management scheme, a data highway and a database for integrating code modules which
together allow intelligent handling of intermodular data flow and facilitate easy passing of
information between modules. A newly developed fuel channel model, CHARON, is used as an
example to describe the new structure. First, the features of the fuel channel as represented in
CHARON will be described, together with a summary of the numerical treatment and the
challenges in data handling. Next, details of the software architecture, one of whose applications
is the efficient resolution of CHARON's requirements, are given. Lastly, details of the
application of the architecture to CHARON are presented.

3.

CHARON FUEL CHANNEL MODEL

CHARON has been developed to simulate the transient thermal and mechanical behaviour of fuel
bundles in a single fuel channel for a range of accident scenarios, including large break loss-ofcoolant accidents. The specific interests are to assess channel integrity and fuel element
temperatures for fission product release calculations. The basis of the prototype CHARON code

is a flow-ring homogeneous thermal hydraulics model, combined with a detailed representation
of the mechanical and thermal characteristics of the fuel and a calculation of the pressure tube
and calandria tube characteristics. The fuel bundle is modelled by considering representative fuel
elements in each fuel ring. A concentric cylinder geometry is applied for radiative heat transfer
calculations between fuel rings, the pressure tube and the calandria tube. Details of the features
and treatments are as follows:

Initial and boundary conditions: Initial fuel and sheath characteristics (representing normal
operating conditions) such as heat generation values, fission products and internal element gas
pressure are determined from steady state calculations performed for representative elements in
each fuel ring in the fuel bundle. Steady state calculations for the entire channel are also
performed in order to provide self-consistent fuel, sheath, pressure tube and calandria tube
temperatures, in addition to coolant enthalpy and flow fields. Thermal hydraulic boundary
conditions (pressure, enthalpy) are specified via input transients, obtained from calculations with
a system thermal hydraulics code. Fuel overpower transients, required to establish heat
generation rates throughout a transient, are also input.
Fuel channel: The prototype CHARON code considers characteristics between end fittings;
extension to include feeders is straight forward. While development to date has focused on the
modelling of CANDU geometries, the modelling and coding structure is such that CHARON may
be extended to other channel configurations. Either a vertical or horizontal channel orientation
is possible. The channel is divided into a number of axial nodes which are placed along fuel
bundles and at bundle junctions. In the flow-ring geometry, the fuel bundle representation is
through detailed thermal and mechanical calculations for one or more representative fuel elements
per pitch circle. Thermal characteristics of the pressure tube and calandria tube, in addition to
heat loss to the moderator, are calculated via a finite difference solution of the energy equation.
Calculations for pressure tube strain are also performed in order to evaluate the occurrence of
pressure tube ballooning, with its impact on flow distribution and heat transfer (both radiative
and convective).
Thermal hydraulics: Coolant characteristics are evaluated by solution of the transient mass,
momentum, and energy conservation equations for a homogeneous fluid. Axial diffusion of
energy and momentum is neglected. A finite volume solution technique [1] is applied, in which
the domain is divided into control volumes over which the governing equations are integrated to
provide a system of discretized equations. A staggered grid is employed, whereby die nodal
storage locations for scalar quantities (pressure, enthalpy and properties) are staggered with
respect to the velocity nodal locations, i.e. velocities are calculated at the faces of scalar control
volumes. The pressure-velocity coupling is treated via the SIMPLEC algorithm [2]. Both
forward and reverse flows along the channel are possible, as dictated by the calculated pressure
field. The discretized equations are solved iteratively at each thermal hydraulic timestep.
Fuel: The mechanical and thermal fuel behaviour is assessed by considering a single,
axisymmetric fuel element. The temperature profile through the fuel and sheath is obtained by
finite difference solution of the energy equation over the discretized annular geometry. The
effects of the exothermic sheath oxidation kinetics and surface radiative heat flux are considered

in this calculation. Additional models include a variable fuel-to-sheath heat transfer coefficient
calculation, stress/displacement calculation, fuel and sheath creep, changes in fuel microstructure,
and fission product release.
As discussed, the coupled effects between channel components must be considered in the solution
procedure. The segregated solution procedure invoked in the prototype version of CHARON
enforces consistent treatments resulting in full conservation of fundamental quantities. In the
steady state CHARON calculation, self-consistent pressure tube, calandria tube, channel and fuel
fields over the channel are obtained by iteration. For transient calculations, the simulation
advances through thermal hydraulic timesteps. At a given simulation time, fuel (considering
representative fuel element(s) per fuel ring) and pressure tube/calandria tube calculations are
performed first. The timesteps employed for these components may be less than or equal to the
thermal hydraulic timestep. Radiative heat fluxes and coolant conditions (temperature and heat
transfer coefficient), based on quantities at the previous thermal hydraulic timestep, are applied
as boundary conditions. Once calculations for these components are completed, coolant
characteristics are evaluated for the entire channel. Fuel and pressure tube convective heat
losses/gains are integrated over the entire thermal hydraulic timestep and applied in the coolant
energy equation solution.

4.

SOFTWARE ARCHITECTURE

Overview of architecture design
The software architecture upon which CHARON has been built adheres to the design philosophy
of task and data modularity. That is, the fuel channel, fuel and thermal hydraulic portions of the
code are constructed to be as self sufficient and separate from one another as possible. This
modularity allows one part of the code (for example, the fuel module) to be updated or
completely reworked without significantly affecting other parts of the code. Hence multiple
programmers can develop various sections of the overall code with minimal interaction. Again
it should be noted that the following design description has numerous applications and is not
restricted for use in CHARON.
In order for the various modules to work co-operatively and consistently, they must standardize
their links with one another. These links are twofold: the modules must be calculationally linked
(i.e. each module must be activated at the appropriate time during the calculation), and the
modules must also be linked through data sharing. Detailed descriptions of both these types of
links are given below.
The calculation^ link in CHARON consists of an overseeing routine, written in FORTRAN,
which calls each of the code modules in the appropriate order during each solution step. As each
module is activated, it proceeds to determine its response to the current state of the channel.
Global convergence criteria are calculated by the overseeing routine, while each module is free

developers working on different modules need not co-ordinate their identification number usage.
The CSV file lists for each module and data block the constituent variables which comprise the
block. Integer, double and single precision numbers are supported, as well as arrays of arbitrary
size and dimension.
During the start-up parse of the CSV file, the data administrator constructs mapping tables which
break posted data blocks into their constituent variables. These variables are stored on the
blackboard for use by any module. When a request for data is made by a FORTRAN module,
the data administrator uses the mapping tables to find the requested data and assembles it into
a contiguous block to be sent back to the FORTRAN module. Hence the receiving module is
completely unaware of the form the data was in when posted, thus allowing the posting module
to change its data format without affecting the receiving module; the data administrator acts as
the intermediary.
A sample portion of a CSV file is given in Table 1, in which two modules are described. For
each module, one block of data is to be posted and one block is to be received. The seven pieces
of data which may be entered for a given line of the CSV file are:
Column 1
Column 2
Column 3
Column 4
Column 5
Column 6
Column 7

Keywords such as MODULE, POST, RECEIVE, COMMENT, END
module name, post/receive block name, variable name (a unique variable
definition is required for each variable in a post/receive block), comment
module description, post/receive block ID number, variable title, comment
Data type: module ID number, variable data type (I-integer, R-real, Ddouble precision), comment
total number of array elements defined for a variable, comment
spatial dependence? (T-true, F-false), comment
time dependence? (T-true, F- false), comment.

The data administrator distinguishes between time dependent and time independent data. As the
FORTRAN computation moves through a transient, a new section of the blackboard is opened
for each timestep in the solution. All time dependent data is maintained along with a tag which
uniquely identifies the data's position in the transient. Hence, the data administrator can
distinguish between 'current timestep' and 'previous timestep' data. This is essential for most
numerical solution schemes of transient phenomena. While for each timestep a new copy of time
dependent data is kept, only one copy of time independent data is maintained. This saves
memory and time by reducing unneeded replication of time independent data through the
transient.
Another feature of the data administrator is its ability to swap old data to disk (for the PC version
of CHARON). As part of its start-up, the FORTRAN code informs the data administrator of the
number of previous timesteps which must be kept available. For example, if the solution scheme
requires information from the current timestep along with that from the previous two timesteps,
then the data administrator swaps out transient data older than two timesteps. Hence the number
of calculation^ timesteps is limited not by memory but by disk space, the latter usually being
more abundant. The swap file also serves the purpose of acting as a data file for an animated
channel mimic.

to determine the degree of convergence for its own 'private' calculations, i.e. to establish local
convergence. As each code module is unaware of its position in the solution sequence, creating
and modifying global convergence loops and conditions is simple.
A difficulty in maintaining strong modular separation arises when the modules must inevitably
share data. Ideally, the various modules should not share data directly, but rather hide their data
from one another as much as possible. Again, this allows software developers to make extensive
changes to one module without disturbing the other modules. Some common data, however,
must be shared between modules. For example, the thermal hydraulics module in CHARON
requires heat flux data from the fuel module. Rather than directly link such data between
modules (which would reduce the level of module self-sufficiency), CHARON utilizes a data
administrator which handles all inter-modular data traffic.
The data administrator acts somewhat like an 'information broker'. All channel data of interest
to more than one module is kept on a central blackboard. Various modules share information
by sending packaged data to the data administrator which then proceeds to save or post the data
on the blackboard. Once on the blackboard, any other module can make a request to the data
administrator to have a copy of the data. If the request is consistent with the format specified
by the data administrator, the module is granted a copy of the desired data.

Design of data administrator
The data administrator itself is a collection of C routines which are incorporated seamlessly into
the CHARON executable program. These routines themselves are modularized to facilitate
development of the data administrator code, but their modularity is not crucial to the working of
the calculational FORTRAN section of CHARON. One of the benefits of CHARON's modular
design is that software developers need not work closely together, including those concerned with
the data administrator.
The data administrator creates the blackboard in memory at the very beginning of CHARON's
execution. In order to accomplish this task, the data administrator is provided with a complete
list of the data flow in and out of every module in the program. This list consists of a
spreadsheet created and maintained in Microsoft Excel and saved in comma separated value
(CSV) format. This format is chosen because of its textual nature (it can be directly imported
into word processors for documentation purposes), as well as its compatibility with most
spreadsheet programs. The data flow list (simply referred to as the 'CSV file) allows the data
administrator to identify the various sub-components of the data blocks which are passed to and
from the modules.
In order to track the data flow, each module is assigned a unique identification number. This
number is used by the module to identify itself to the data administrator during every data post
and request. Data is sent to and from the data administrator in the form of blocks, which are
implemented on the FORTRAN side as common blocks. All posted common blocks in each
module are assigned distinct identification numbers; the same is true for all requested common
blocks. That is, block identification numbers can be reused in different modules, hence
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Table 1

Sample Block Description (CSV) File

Extensions to the data administrator
The version of the data administrator implemented in CHARON shows the feasibility of allowing
an external set of C routines to handle the data flow between FORTRAN modules. Now that
data handling has been externalized, the data administrator can be modified to handle more
intelligent tasks associated with sharing data between modules.

5.

APPLICATION OF SOFTWARE ARCHITECTURE TO CHARON

The modules in the CHARON code are illustrated in Figure 1. Memory management and data
retrieval/storage are represented by the memory format, the data administrator and the blackboard.
The simulation modules consist of the fuel channel module, the thermal hydraulics module and
the fuel module. Although not shown, there is also an overseeing routine which calls the
modules in sequence. The output viewer is a graphics interface which accesses data stored on
the blackboard and provides data playback as trend plots and as an animated channel mimic.

Memory
Format

1

Data Administrator
Fuel Module

Channel Module

Blackboard

Thermal Hydraulics
Module

Output Viewer

Figure 1

CHARON Modules

Calculations proceed in a sequential manner whereby conditions from one module serve as input
conditions for another module. The blackboard is first initialised, followed by input for system
geometry, boundary and initial conditions, etc.. Mapping tables are established at this point.
Distinct calculation procedures are used for the steady state and transient portions of the
simulation. For steady state, an iterative self-consistent solution is obtained in which all
governing equations pertaining to the channel, thermal hydraulics and fuel are satisfied.
Throughout these calculations, information is posted to the blackboard at two iteration levels, the
previous and present. For transient calculations, the solution advances through time using
quantities obtained at the previous timestep. Fuel calculations are performed first using the
thermal hydraulic conditions posted from the previous timestep, followed by channel calculations.
Thermal hydraulic calculations are performed by applying those quantities (heat fluxes for
example) just calculated to the current timestep as boundary conditions where required.
Calculations proceed until the end of the simulation is reached, upon which final output is
generated and the blackboard closes.

6.

CLOSURE

As integrated code systems tend to be large and data intensive, a modular architecture with well
defined data flow is critical for software QA, code development and code maintenance. By
segregating memory management, data retrieval/storage and simulation modules, the software
system presented in this paper addresses these needs as well as providing a general purpose
system for integrated simulations. The novel architecture has been applied to the new fuel
channel code CHARON, developed to assess channel integrity and fission product releases for
a range of accident scenarios.
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ABSTRACT
As an integral part of a generic study of the Emergency Coolant Injection System Effectiveness
in Ontario Hydro reactors during a large break Loss of Coolant Accident (LOCA), the TUF
(Two-Unequal-Fluids) code (Reference 1) has been developed to enhance safety analysis
capability. Recent enhancement to the TUF code includes the pressure tube Transverse Strain
model and the zircaloy-steam reaction model. These models are employed to predict thermalmechanical response of fuel channels and determine the thermal heat load to the moderator
during a postulated large LOCA scenarios.
Presented in this paper are the description of the models, the cross-code comparison of the
predictions between the TUF code and the SMARTT code (Reference 2) and the discussion of
parameters that may affect the pressure tube(PT) strain and the effect of pressure tube ballooning
into contact with the calandria tube on the system response simulations. The modified TUF code
is employed to quantify the extent of pressure tube ballooning and to calculate the thermal heat
load to moderator.

1.0 INTRODUCTION
During a postulated large LOCA scenario, the coolant flow through the channels is greatly
reduced, causing the temperature of the fuel and the pressure tube to rise. If the pressure tube
temperature rises sufficiently high, it could balloon into contact with their calandria tubes (CT).
It is important to be able to predict pressure tube deformation, since the PT temperature and time
of contact with the calandria tube determines the required subcooling to prevent calandria tube
dryout The extent of ballooning is utilized to determine the heat load to the moderator and
subsequently the available moderator subcooling.
As a part of the safety and licensing analysis, two new models, namely the Shewfelt strain model
and the FROM2 zircaloy-steam reaction model have been incorporated in the TUF code version
0.3.2 to assist in determining the extent of PT ballooning and calculating the heat load to the
moderator for different large LOCA scenarios. Detailed description and implementation of the
models are given in section 2. While section 3 presents the cross-code validation, section 4 gives
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the application to large LOCA.
2.0

DESCRIPTION OF THE MODELS

2.1

Pressure Tube Transverse Strain Model

The Shewfelt Transverse Strain model (References 3,4) has been incorporated in the TUF code,
version 0.3.2. The pressure tube ballooning is determined by the strain of the PT during the
transient, which in turn is calculated by integrating the transverse strain rate. The governing
equation for the transverse strain rate is a function of the internal pressure, pressure tube
temperature, geometry and material properties.
The transverse creep (strain) rate, e, is the sum of two components, creep in the a-phase or 0phase and the grain-boundary sliding component (References 3,4):
In the temperature range 450 °C to 850 °C, the strain rate is given by:
5.7xlO7
k =1.3xlO"5x a9

(1)

In the temperature range 850°C - 1200°C, the strain rate is given by:
19600

1 +274/tIexp(-^^)(T-n05f12

(2)

dt

The transverse stress, cr, is defined as :

W

(3)

Where
e= creep rate
T= PT temperature
ta= time when T= 1123 K
r= current PT inner radius

s'1
K
s
m

o= transverse stress
t,= time when T= 973 K
P= coolant pressure
W=current PT thickness

MPa
s
MPa
m

The creep rate Equations 1 and 2, were developed to cover the temperature ramp rate from 1 °C/s
up to the maximum possible ramp rate of 50 °C/s, and coolant pressure up to 10 MPa.
Assuming that the length of the pressure tube does not change with diametral creep, the PT

thickness at any given time is expressed by(Reference 6):
W = r [( 1 + —Z-

)w - 1 ]

(4)

Hlr2

Where V is the original PT volume; and r is the current PT inner radius given by:
K= H / ( 2 a Wo + V% )

(5)

r = a * exp(e)
and

Wo
1

original PT thickness
PT length

(6)
m
m

a
e

original PT inner radius
current true strain

m

The true strain, e, is obtained by numerical integration of the strain rate Equations 1 and 2.
In the TUF code, a circumferentially, as well as radially averaged PT temperature is used in
calculating the strain rate from Equations 1 and 2. The PT true diametral strain at contact is
given by(Reference 6):
-h> Kb-

where b

WamJ> I a ] x 100%

CT nominal inner radius

m

w

PT thickness at contact

m

a

PT nominal inner radius

m

couuct

For Bruce A & B reactor channel
For Pickering A & B reactor channel

(7)

e,,,,,,^ = 16.4%
***** =18.1%

Upon contact, the hydraulic characteristics (i.e. flow area, hydraulic diameter and volume) of the
contacted segment are changed accordingly. The final PT inner radius, Tc^^, is given by:

r

Zmuct= 2 - * {a

* W) * gap * gap1 + a 2

gap = b - ( a * Wo )

(8)
(9)

where "gap" represents the original gap between the PT and CT.

2.2

Zircaloy-Steam Reaction Model

One of the parameters that can potentially affect the sheath temperature and the pressure tube

temperature is the zircaloy-steam reaction rate. There is a wide variety of zircaloy-steam (also
called metal-water) reaction models in the literature. A recent overview of these models are
given in Reference 7.
Version 0.3.1 of the TUF code contains the following two zircaloy-steam(Z/S) reaction models:
a. The Baker-Just correlation(Reference 8); and
b. The Urbanic-Heidrick correlation(Reference 9).
A new zircaloy-steam correlation, based on the FROM2 code(Reference 10), is incorporated in
the TUF code version 0.3.2, to provide a better estimate of the heat generation rate under rapid
heat-up during overpower transients. This correlation is based on the experimental work in
Reference 5, and the best estimate predictions of the FROM2 code. This model is described
below.
The high temperature (i.e above 1000 °C) oxidation of zircaloy in steam is described by the
general form :
x2 = 52 * t
where x
8
t

(10)

is the zirconium oxide, ZrO2 thickness,
is the parabolic reaction rate constant, and
is the reaction time.

The rate of change of x with time is expressed by:
dx/dt = 82/(2*x)

(11)

The reaction rate constant, 82 can be expressed in the form:
82 = A * exp(-B/T)

(12)

where A and B are experimentally determined constants, and are dependent on the
temperature range and rate of heating; and
T is the absolute pressure tube or sheath surface temperature (K).
The reaction rate constant, 8 for the FROM2 based correlation is expressed as:
(8)ZrO2 = 1.4142E-6*10.0**(3.049 - 3947.5/TJ

m/s*

(13)

( 973 K < T,,, < 1823 K )
For heating rate, (dTJdt), less than 5 K/s :
(8)ZrO 2 = 1.4142E-6*10.0**(3.408 - 4348.5/TJ
For heating rate equal or greater than 5 K/s :

m/s*
(14)
( 1823 K < T* < 2123 K )

(8)ZrO 2 = 1.4142E-6*10.0**(3.243-4313.0n;h)

m/s*
(15)
( 1823 K < Tsh < 2123 K )

and
(8)ZrO2 = 1.4142E-6*SQRT(0.5*(1.0E6*EXP(-16014.0/Tsh)+529.8))

where

m/s*
(16)
(2123 K < Tth)

T,,, represents the sheath or pressure tube temperature (K).

The thickness of the zirconia layer, xnew after an incremental time step of, Delt,is determined
from:
= V ( x 2 ^ + 82 * Delt)

m

(17)

The heat generated per unit surface area, due to the zircaloy-steam is expressed as :
Q» = t * Q**** * P / Delt
where Ore**™

is heat of reaction

kW/m**2
p

(18)
is the density of zircaloy

3.0 Results and Validation of the Strain Model and Zircaloy-Steam Model
3.1 Transverse Strain Model
The pressure tube true strain, e, is calculated in TUF, by integrating the strain rate Equations 1
and 2 at every node or segment (a FT node represents a bundle length). This true strain is then
compared with the limiting strain upon contact, as given by Equation 7. The feed back effect
of PT deformation on the local fuel channel cooling conditions is accounted for by incorporating
the instantaneous pressure tube deformation on the fuel channel hydraulic characteristic (i.e. flow
area, hydraulic resistance and volume). Once contact is established, the pressure tube temperature
and the time of contact is determined for this particular segment For a contacted segment, the
heat loss to the moderator is calculated based on: i) a predetermined contact conductance between
the PT and the CT, and ii) and the moderator temperature.
Given the fact that the SMARTT code has been used extensively to predict PT temperature
gradients and strain and has been validated for a wide variety of LOCA scenarios(References
2,11,12), it is relevant to compare the TUF calculated PT temperature transient; PT contact
temperature and the contact time with the corresponding SMARTT results.
The SMARTT model is interfaced with the channel boundary conditions produced by the TUF
code. The TUF local fluid boundary conditions (coolant pressure transient, vapour temperature,
heat transfer coefficients from the fuel pins and the PT and void fraction) are utilized to generate
the SMARTT input data. The validation of the strain model in TUF against the SMARTT code
has been performed with both Bruce (37-element bundle) and Pickering (28-element bundle)
channel data. The critical break is selected for both the Bruce and Pickering as it leads to the
most severe channel temperature excursions and the greatest extent of PT deformation.

3.2.1 TUF Versus SMARTT Predictions for Bruce A NGS
In the Bruce NGS A heat transport system model for TUF (HTS), the inner and outer flow zones
of the critical core pass are divided into five regions each. The grouping of channels into region
average channels allows a more detailed spatial modelling of thermal hydraulic response and
calculation of reactor kinetics. The critical break for Bruce NGS A is a 35 percent of the Pump
Discharge(PD) line break.
The main assumptions for the reference case selected for the application of the strain model for
Bruce NGS A(Reference 13) are: i) reactor shutdown is assumed to initiate on the backup trip
parameter of the credited shutdown system; ii) emergency coolant injection is credited and iii)
the reactor is operating with 20 percent bottom-high power tilt.
The TUF header-to-header model is employed to generate the channel local thermal-hydraulic
conditions for the following:
• two single channels : B12 (Region 1 - Outer Zone) and K12 (Region 4 - Inner Zone), and
• an average channel representing Region 2 of the Inner Zone.
Two channel powers were selected for each of the above three channels, the licensing channel
power limit and an average channel power corresponding to 103% full power(FP). To reduce
the uncertainty in comparing the two codes, the zircaloy-steam reaction was turned off.
A summary of the contact times, PT temperatures at contact and extent of ballooning for the
three representative channels B12, K12 and IZ-Region 2 are given in Table 1 and shown
graphically in Figures 1 to 3 for channel B12 and Region 2 of the Inner Zone respectively.
Figure 1 shows a typical comparison for the PT temperature between the two codes. For the
SMARTT code, once a segment is ballooned into contact the simulation is terminated for this
segment, as can be seen for segment 5 in Figure 1 at 21.6 seconds.
Overall the agreement between the two codes is very good, with the PT temperature at contact
is slightly higher by using the TUF code (the average difference is - 4°C and the maximum
difference is - l2°C,i.e. 1.5 percent), with the exception of channel B12 (bundle 7 at 5.96 MW)
and IZ Region 2 (bundle 8 at 6.5 MW). The discrepancy at these locations is attributed to the
PT temperature as calculated by SMARTT becomes lower than the predicted TUF values and as
a result, TUF predicted an earlier contact with the subsequent effect of lower coolant temperature,
which tends to lower further the SMARTT calculated PT temperature.
The contact time and PT temperature at contact are best matched between the two codes when
there is a minimum discrepancy between the PT temperatures. This can be considered implicitly
a validation of the strain model in TUF, as the strain is primarily a function of the coolant
pressure and PT temperature.
To evaluate the effect of feedback of ballooning on the local channel conditions, the strain model
and the heat loss to moderator were switched off and the local thermal-hydraulic generated by
TUF is fed into SMARTT. The hysteresis effect of ballooning on the average channel

representing IZ Region 2, is summarized in Table 2, which compares the contact times and PT
temperatures from the two codes. By comparing the SMARTT results in Table 1 and Table 2
(for the same IZ region 2), one concludes:
• With no heat loss to moderator, the segments corresponding to bundles 8,9, 10 and 11 balloon
at earlier times and contact at a slightly higher temperatures.
• Table 2 shows that, there are two extra segments (bundles 7 and 11), which did balloon into
contact at a later time (after 20 seconds) relative to that predicted by TUF. This indicates that
channel deformation with heat loss to moderator leads to lowering the coolant temperature and
a better PT cooling which subsequently leads to reducing the extent of ballooning.
A typical true strain, as calculated by the Shewfelt strain model for channel B12 at initial power
of 6.08 MW is shown in Figure 4. The corresponding PT temperature is presented in Figure 5,
where the PT temperature drops off once it contacts the cool CT which is originally set at a
temperature closer to that of the moderators 70 °C).
3.2.2 TUF Versus SMARTT Predictions for Pickering B NGS
The reference case used here represents a 40% RIH break, with the reactor power set at 106%
FP and a 25 % side-to-side power tilt imposed on the initial core power distribution.
The header-to-header model is set to represent three single channels K05, K03 and H0S at
various power levels up to the licensing power limit of 6.1 MW. No zircaloy-steam reaction is
assumed to take place in either the TUF or SMARTT simulation.
A summary of the contact times, PT temperatures at contact and extent of ballooning for the
three representative channels are given in Table 3, and shown graphically in Figure 6 for K05.
The agreement for Pickering channel data between the two codes is excellent The TUF code
predicted PT temperatures are higher by an average of 10°C(1.7 percent) than the SMARTT code
for Channel K05. For channels H0S and K03 the agreement between the two codes for the
selected bundle locations comes within 0.8 percent for the PT temperature.
A sample of the predicted true strain for channel K05, at an initial power of 6.1 MW is shown
in Figure 7, and the corresponding PT temperature transient is shown in Figure 8.
A composite of the two main parameters influencing the PT deformation, i.e. the pressure and
PT temperature transient and the resultant strain are shown in Figure 9, for Bundle 7 of Channel
K05. As indicated in Table 3 and shown in Figure 3, segment 7 ballooned into contact at 14
seconds, where the PT true strain reaches 18.1 percent After PT/CT contact the pressure tube
cools down steadily.
A parametric effect of the PT heating rate on the PT/CT contact temperature is carried out by
holding the internal pressure, P and changing the heating rate until e = cconlaa as determined by
Equation 7. The results of this parametric analysis, shown graphically in Figure 10, can be
summarized in the following:

• for a given pressure or a pressure transient, a higher PT heating rate gives a consistently higher
PT/CT contact temperature;
• the PT/CT contact temperature decreases monotonically as the pressure increases.
• at lower pressures, the heating rate have more impact on the PT/CT contact temperature.
3.3 Zircaloy-Steam Model
The magnitude of the reaction rate constant, 5, for the various correlations available in the TUF
code version 0.3.2, is compared as a function of fuel sheath (or PT) temperature in Figure 11.
The values of the reaction rate constant shown in Figure 11, reproduce the values given by the
FROM2 code in References S and 10, which is considered as the first step in validating the
zircaloy-steam reaction models in TUF. Figure 11, also shows that the FROM2 code correlation
introduces a reduction in the reaction rate for the case of rapid sheath temperature, T^, rise (i.e.
greater than 5°C/s) when T,,, is higher than 1550 °C, as derived from the FROM2 code.
To quantify the impact of the FROM2 zircaloy-steam reaction model on channel local conditions,
especially the sheath temperature and coolant flow, the critical break case for Bruce NGS A,(i.e.
35% pump discharge break), is chosen. The main assumptions used in the analysis are the same
mentioned in section 3.2.1, except that no ballooning is allowed to take place here. Region 2
of the inner zone (IZ) is selected for the comparison mainly because it has the highest pre-LOCA
power per channel and also one of the highest power transients.
The impact of the FROM2 reaction model on the sheath temperature, PT temperature and coolant
flow at the centre of the channel are shown in Figures 12,13 and 14 respectively.
Most of the heat generated due to Z/S reaction is expected to take place early in the transient and
to be on the sheath, since the sheath temperature gets over 1000 °C in the first few seconds (Le.
during the initial overpower transient), especially for the high power channels (i.e. > 6.5 MW).
Figures 12 and 13 show that the Z/S reaction model has added approximately 150 °C to the
sheath temperature and a similar increase to the PT temperature. The additional heat generation
due to the Z/S reaction, slightly increases coolant flow rates due to steam expansion, which leads
to better channel cooling. This effect on the flow is localized in the high power channels(£6.5
MW for Bruce NGS) and does not affect the reactor headers conditions. The Z/S heat of reaction,
Qz, is presented in Figure 15, as a fraction of the heat generated in the fuel, Q^, and a fraction
of the heat to coolant,Qcoohnt.
Except for Region 5 of the inner zone, which shows a similar trend to Region 2 (IZ), the Z/S
reaction has a minimal effect on the sheath and PT temperatures for the other regions in the inner
and outer zones.
The FROM2 correlation has been employed in the Bruce and Pickering NGS Safety Report
Updates, to determine the channel response and heat load to the moderator. The inclusion of the
FROM2 correlation has increased marginally the total number of ballooned segments (less than
3 percent). It also increased slightly (about 3 percent) the heat flux from the first PT segment
to contact the CT. The FROM2 correlation is also employed to determine the local thermal
hydraulic conditions in the regional and single channels, which is subsequently utilized to
determine the heat load to the moderator and the required moderator subcooling to prevent
calandria tube dryout.

4.0 APPLICATION TO LARGE LOCA
4.1 Calculation of Heat Load to Moderator
The methodology for calculating the total heat load to the moderator is described here. The target
station for the calculation is Pickering B NGS.
To obtain a best estimate of the thermal heat load component, X(t), the reactor core is divided
according to the order of magnitude of the heat flux from the pressure tube to the calandria tube
as follows :
• The broken pass contacted PT/CT segments ;
• The broken pass non-contacted segments ; and
• The unbroken pass and intact loop non-contacted segments.
The function describing the thermal heat load.Qihenm is given by:
OJhenillI=Q0).X(t)= A J E Nb *t + ( N ^ - £ Nb )<!>„„ + ^ 4 ) ^ ]
where
Qo
X(t)
A,;,
Nb
fa
Nta,,
^

(19)

is the 100% full power normal operation heat load to moderator;
is the fraction representing thermal heat load to moderator;
is the calandria tube surface area per segment based on the inside diameter [m2];
is the extra number of contacted segments at time t;
is the transient heat flux for the earliest ballooned segment [MW/m2];
is the total number of segments in the broken pass (12 segments in 95 channels, or a total
of 1440 bundle-length channel segments);
is the average heat flux for the non-contacted segments in the broken pass [MW/m2];
is the total number of segments in the unbroken pass and intact loop;
is the average heat flux for the broken pass and intact loop [MW/m2].

The normal operation heat load to moderator, Qo, based on measurement carried out in Pickering
NGS unit 5 is 83.4 MW(± 1.5%) at 100% FP (Reference 14). By allowing an increase of 6.2%
due to uprating and a further 1.5% due to measurement uncertainty, results in an initial heat load
of 89.9 MW.
The heat flux from a contacted segment, fa, is bounded by that computed for the first contacted
segment for a channel operating at the licence limit of 6.1 MW. This early contact segment
exhibit the highest PT/CT contact temperature and subsequently the highest heat flux at contact.
4.2 Results and Discussion
The channel thermal-mechanical deformation by PT ballooning is evaluated by employing the
strain model in TUF. Channel deformation is determined primarily by the initial power, power
transient and channel flow conditions. The extent and timing of ballooning is based on average
regional representation for the purpose of calculating the thermal heat load to moderator.

The timing and the exact location of the contacted segments for the 40% RIH Break, is given in
Table 4, which indicates that the PT ballooning starts at 11 seconds and terminates at 57 seconds.
Table 4 also indicates that most of the FT segments ballooned into contact in the early part of
blowdown, where about 2/3 of the total segments contacted took place in 10 seconds (from
transient time t = 11 to 21 seconds).
On the core pass basis, there are 1140 bundle-length channel segments (i.e. 12 segments in 95
channels) that could potentially balloon into contact For the reference case, a total of 389
segments reached the strain limit of 18.1% required to contact the calandria tube. This represents
a 34 percent of the total pressure tube length in the broken core pass.
By combining the heat fluxes, as calculated by the TUF code, with the corresponding number
of segments, as given in Table 4, the detailed thermal heat load is calculated based on Equation
19. The components of the thermal heat load (i.e. from ballooned, non-ballooned segments of
the broken pass and (he segments of the unbroken pass and the intact loop) are shown graphically
in Figure 16. The thermal heat load, Q^^n, peaks to a value of 25 MW at approximately 33
seconds, where the ballooned segments contributed about 90 percent of the total.

5.0 CONCLUSIONS
The Shewfelt transverse strain model and the FROM2 zircaloy-steam reaction model have been
incorporated in the TUF code. The strain model in TUF is validated against the SMARTT code
and the agreement is very good. These two models in TUF provides a fully integrated
calculation of channel thermal-mechanical response which are utilized to determine extent of PT
ballooning, heat load to the moderator and the moderator subcooling requirements for LLOCA.
The zircaloy-steam reaction has shown little impact on the channel flow or the PT temperature
predictions.
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Table 1 - Contact Times and Pressure Tube Temperatures at Contact
Bruce NGS A : 35% PD Break
Channel
I.D.

B12

Channel
Power
[MW]

6.08

Bundle
Number

SMARTT

TUF - Strain Model

Contact
Time [s]

PT Temp.

PT Temp.

rci

Contact
Time
[s]

5

21.6

746.5

22.0

744.6

6

18.5

754.2

17.4

761.6

16.6

746

7
5.96

K12

7.25

6.75

IZ
Region 2

6.88

6.50

ra

5

24.1

749.7

24.2

748

6

21.0

759.3

19.5

765

.7

27.1

714.9

17.7

761

3

29.4

758.9

28.4

765.7

4

21.9

769.4

20.8

775.6

5

15.5

784.9

152

787.5

6

13.1

7862

11.6

794.2

7

13.1

787.6

10.5

793.3

8

18.4

758.6

15.1

774

4

25.7

754.1

24.9

757

5

17.9

772.0

18.1

771

6

15.5

776.4

15.0

781.0

7

17.4

770.8

15.1

777.0

8

9.1

776.0

8.5

785.5

9

9.3

790.3

9.3

790.4

10

11.1

774.8

11.5

775.3

11

17.6

727.7

18.0

724.6

8

13.3

719.6

11.4

761.0

9

11.6

776.7

11.6

7772

10

14.3

741.6

15.2

738.5

Table 2 • Effect of Heat Loss to Moderator on Extent of Ballooning
Bruce NGS A : 35% PD Break • Channel Power 6.88 MW
SMARTT
(No Heat Loss to Moderator)

Bundle Number
IZ Region 2

Contact Time [s]

PTTemp.

7

30.2

759.6

8

8.9

9

TUF
(Strain Model + Heat to Moderator)
Contact Time
[s]

PT Temp.
[°C]

785.4

8.5

785.5

9.0

792.8

9.3

790.4

10

10.6

787.4

11.5

775.3

11

14.5

771.0

18

724.6

12

22.2

750.5

ra

Table 3 • Contact Times and Pressure Tube Temperatures at Contact
Pickering NGS B : 40% RIH Break
Channel

K05

H05

K03

Channel

Bundle
Number

SMARTT code

TUF Strain Model

Contact Time
[s]

PT Temp.
[°C]

Contact Tune
[s]

4

29.5

792

31.6

799.8

5

18.5

761

15.7

7482

6

14.5

790

12.7

801.4

7

14.0

793

12.6

807.7

8

16.5

795

14.1

808.0

9

19.0

785

17.7

791.7

6.1

4

24.7

811

24.8

812

5.75

5

19.9

803

20.2

809

5.44

4

30.4

812

30.5

814

4.8

6

26.2

798

26.6

805

6.1

PT Temp.

[°q

Table 4: Broken Pan Segment Ballooning for 25% Slde-lo-Slde Tilt Power Dbtribution
Pickering B: 40% RIH Break * Reference Case • Power Normalized to 106.2% FP
11Mb

SEGMENT ID/ SEGMENT POSITION

M
11
12
13
14
15
16

17
18
19
20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
43
49
57

05/6, O7/6, P6/6, 05/7, O7/7. P6/7
O5/5, O7/5. P6/5, L4/6, L6/6, M5/6. M7/6, N6/6, U/7, L6/7. M5/7, M7/7, N6/7, J4/6, M3/6, P4/6
J4/7, M3/7. P4/7, K3/7, S7/7
OS/8, O7/8, P6/8, L4/5, L6/5, MS/5, M7/5, N6/5, L4/8, L6/8, M5/8, M7/8, N6/8, J4/8, M3/8, P4/8
09/6, P8/6, Q7/6, R8/6. O9/7. P8/7, Q7/7, R8/7. K3/6, K3/8, S7/8
J4/5, M3/S, P4/5, O9/5, P8/5, Q7/5, R8/5, O9/8, P8/8, Q7/8, R8/8. K5/6, K7/6, K9/6, L8/6, M9/6,
N4/6, N8/6, K5/7, K7/7, K9/7. L8/7, M9/7, N4/7. N8/7, O3/7
K5/8, K7/8, K9/8, L8/8, M9/8, N4/8. N8/B. G8/6, J8/6, H7/6, G6/6, J6/6, H5/6, G8/7, J8/7, H7/7,
G677, J6/7, H5/7,03/6.03/8, S7/6, T8/7, T10/7, T8/8, T10/8
J4/9, M3/9, P4/9, K5/5, K7/5, K9/5, L8/5, M9/5, N4/5, N8/5, G8/8, J8/8. H7/8, G6/8. J6/8, H5/8,
Kll/7, L10/7, Mll/7, N10T7, O11/6, P10/6, Q5/6, Q9/6, Qll/6, R6/6, R10/6, S9/6, Sll/6, O11/7.
P10/7, Q5/7. Q9/7, Qll/7, R6/7, R10/7, S9/7, SI 1/7, K3/5
O5/9. O7/9. P6/9, Kll/6. L10/6, Ml 1/6, N10/6, K3/9, S7/9
L4/9. L6/9, M5/9, M7/9, N6/9, O11/5, P10/5, Q5/5, Q9/5, Qll/5, R6/5,R10/5,S9/5,Sll/5. O11/8,
P10/8, Q5/8. Q9/8, Qll/8, R6/8, R10/8. S9/8, Sll/8, N2/7. H3/7, T8/9, T10/9
O9/9, P8/9, Q7/9. R8/9, Kll/8, L10/8, Mll/8, N10/8, Hll/7, G10/7, J10/7, F9/7, H9/7, E8/7, F7/7,
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Figure 1: TUF-SMARTT Cross-Code Comparison - PT Temperatures
Bruce A 35% PD Break * Channel B12 * Power =6.08 MW
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Figure 2: TUF-SMARTT Cross-Code Comparison - PT Temperatures
Bruce A 35% PD Break * Region #2IZ* Power =6.88 MW
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Figure 3: TUF-SMARTT Cross-Code Comparison - PT Temperatures
Bruce A 35% PD Break * Region #212* Power =6.88 MW
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Figure 4: True Strain Calculated by Strain Model in TUF
Bruce A 35% PD Break * Channel B12 * Power -6.08 MW
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Figure 5: Pressure Tube Temperature
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Figure 6: TUF-SMARTT Cross-Code Comparison - PT Temperatures
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Figure 7: True Strain Calculated by Shewfelt Model in TUF
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Figure 12: Sheath Temp Center Node- Effect Of ZS Reaction
Bruce A - 35% Pump Dischrage Break- Region 2 Inner Zone
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ABSTRACT
This paper discusses the solution of the mass and
momentum equations for a fluid in which acoustic
oscillations may be excited. The solution method
described is the method of characteristics. A number
of parametric studies are described for a relatively
simple pipe geometry, focussing on acoustic and
hydraulic problems associated with two
interconnected pipes of different diameter. For the
acoustic study, a set of rules or criteria is described
to help explain the resonant or non-resonant
behaviour of the composite system. These rules
should be generally applicable for the boundary
conditions assumed. For the hydraulic study, the pipe
friction factor and diameter are identified as key
parameters affecting wave amplification, dominating
the effect of fluid flow velocity.
INTRODUCTION
The subject of acoustics is usually baffling, even in
the simplest piping geometries. Even the experts
sometimes fail to agree on the effect a certain
parameter will have on the overall acoustic response.
However, piping design engineers have to consider
the impact of their designs, no matter how simple, on
the potential for transmission and amplification of
acoustic pulsations, possibly resulting in the failure of
the system.
This problem has plagued many
industries, the most recent such example being the
fuel damage incurred in the Darlington nuclear
reactor, before the source of the pulsations was
identified and a solution implemented (Refs. 1,2). In
the course of the investigation, it became evident that
the understanding of acoustic wave propagation

needed to be improved, particularly for relatively
simple thermal-hydraulic boundary conditions, if the
problems associated with more complicated
geometries were to be solved.
For this reason, the author set about compiling a
set of relatively simple benchmark cases, in which
various hydraulic parameters were varied. These
included the effect of piping area change, flow
velocity, wall friction, pressure drop, pipe length,
sonic speed, and the location of pipe area change in
relation to the acoustic mode shape. Analytical
solutions were obtained for the simplest cases only,
owing to the complexity of the problem. For all
cases, numerical solutions were obtained using the
computer code WHAM, which although specifically
written for relatively complex piping networks (Refs.
3,4), could also be used for simple parametric studies.
This paper describes the mathematical and
numerical technique used in WHAM, and presents
results for the various benchmark cases, together with
a physical rationale for the acoustic behaviour in each
case. The results may be used to derive a set of
criteria which designers can use in the design of
piping systems. For example, the location of an
orifice or high resistance component at a certain axial
location may produce a minimum downstream
acoustic amplification. Similar studies show that the
location of damping filters at particular points can
produce the greatest reduction in acoustic pressure
amplitude over localised segments of a piping circuit
(Ref. 4).

THE METHOD OF CHARACTERISTICS

that this is justified (Refs. 3, 4).

EFFECT OF NEGLECTING NONLINEAR
TERMS
Using the Joukowsky-Allievi approximation (Ref. S)
for the pressure rise associated with a velocity
change, and considering the incremental distance fix
moved by a sonic wave in a time it, we can write

Derivation of the Characteristic Equations
The complete nonlinear momentum and continuity
equations (5) and (6) may be written as a quasi-linear
first order system of equations of dimension two,
namely:
Au * flu, - £

(8)

6x = abt
bp = pabv

where:

Hence the orders of terms in the mass and
momentum equations are

the vector function u to be solved is given
by u = (H,v)
A and B are 2x2 matrices defined below;
the subscript t denotes d/dt;
the subscript x denotes d/dx;
the vector c is a column vector given by

= O (pa
2D

If
(f) o

The matrices A and B are given by

0 1
1 0
If the nonlinear terms above are neglected (since
via <l), and friction is ignored, this approximation
leads to the classical wave equation

dt2

+ a'

dx2

(7)

which is analytically solved in the usual manner to
obtain the resonant frequencies, but gives no
information on the wave amplitude at or near
resonance conditions. Hence, the nonlinear terms
must be retained in the conservation equations, and
numerical solutions must usually be obtained.

Defining the term "characteristic projection" as a
curve in the x-t plane such that if « i s given along the
curve, then the normal derivatives of u cannot be
uniquely determined (Ref.6), we can write that u
along such a curve must satisfy the equations

ds

ds

*

ds

*

(9)

£ • All, + flu.

where u = u(s), x = x(s), t = t(s) along the
characteristic projection, s being a parameter.

In order to meet the non-uniqueness condition for
the derivatives, the four equations represented by
equation 9 must be linearly dependent. A necessary
condition for linear dependence is that the
determinant of the coefficients of a, and u, must be
zero, and this simplifies to

Invariant along each of the characteristic curves.
Using the solutions given by equation 14 in equation
12 , we obtain the Riemann Invariant forms of the
momentum and continuity equations as

g'

(10)

\B - XA\ « 0

where X is the slope of the characteristic projection in
the x-t plane. The characteristic projections are
therefore curves along which u is uniquely defined,
but off which unique solutions do not exist.

I ! 0J ds

or
2D
(15)

Solving equation 10 for X we obtainwhere F is the
transposed column vector solution to the equation
(11)

v ± a

along the characteristic with X = v+a
characteristic ], and

[C

The two real roots for X imply that this is a
hyperbolic problem as might be expected for a wave
type equation. To obtain the characteristic forms of
the original equations (that is, to solve for u along
the characteristic curves given by equation 11) it is
easy to show that
l«i*!«Ir£dt
OS

(12 )

~w

OS

where F is the transposed column vector solution to
the equation
1T{B - XA) - 0

or

(13)

Using equation 13 the solution for F is

along the characteristic with X
characteristic].

v-a

I C-

Thus, the original two partial differential equations
have been converted to two total differential
equations, each with the restriction that it is only
valid along the corresponding characteristic. This is
the analytical
known as the "Method of
Characteristics".

for x - v + a
(14)
9

for X - v- a

Equation 14 allows a formulation of the Riemann

Numerical Formulation
The numerical method described here closely follows
that described in Reference S. For situations in
which the viscous terms do not dominate, the finite
difference form of equations IS and 16 may be

written as:

-± (v, - v,)
(17)

-

For pipes in a complex network, the junctions
between pipes constitute internal boundaries at or
across which certain constraints must be imposed.
Assuming no factional losses occur at a junction, the
pressure at the end of each pipe connection must be
common. In addition, the continuity equation must
be satisfied at the junction. Thus, the conditions

*.

Hp Hs

' 'i

At a boundary condition such as a pipe dead end, a
constant pressure source, a partially open valve, and
so on, there is only one characteristic available (C +
or C depending on the pipe end). As it is from the
boundaries that disturbances are usually initiated, the
analysis of boundary conditions is very important.
The boundary conditions may take the form of some
auxiliary equation that specifies either v, or H9, or
some relation between them. This information is
sufficient to determine both v, and H9 at the boundary
in conjunction with the C + or C difference equation.

"Vs)

(19)

hi
2gD

xr - xs

E, -

(v, - aj (r, -

(20)

where the four equations are written in terms of the
four unknowns *,, f,, Hr and vf at a point P,
conditions at points R and S assumed to have been
found during the previous time step (see the figure
below taken from Reference S).

-*-Ax-+*-*-Ax-+-

P

At
/

X

B

(21)

N

IJ - l *V<
E

(22)

are imposed at each junction common to N pipes,
whether it be a series or a parallel connection.
Fixed Grid Method
Two approaches are possible to obtain a numerical
solution. These are the use of a fixed x-t grid, and
the use of a grid of characteristic lines. The first
method offers some advantages in most fluid transient
problems, since x, and tf are assigned definite values.
This is the method chosen in this study. The second
method gives better computational accuracy if either
v or a varies considerably with x or t (for very elastic
pipes or compressible fluids) since the grid
continually conforms to the changing characteristic
slopes.
In the fixed grid method, with conditions known at
A, B and C, a linear interpolation is used to find the

variables v and H at points R and S. Clearly, one of
the advantages of this method is that a common fixed
timestep can be used in a multi-pipe system without
having to adjust other parameters. If, as is usually
the case, v is negligibly small compared to a in
equation (17) through (20), it is easy to show that the
interpolation equations simplify to:

- C, <vc - vA)

(23)

reduce the degree of interpolation. This can be done
either by allowing the wave velocity to vary, or
changing the pipe length, so that f is always equal to
1. Since the wave velocity is not usually known with
great accuracy, the former method is preferred.
The technique employed in this study is to allow
_+ 1 percent variation in the wave velocity in any
pipe. If an integral number of axial segments cannot
be found such that f = l within this range, then
interpolation is used. In all cases, the CFL condition
is always imposed. Clearly, the shortest pipe tends
to dominate the choice of time-step unless it has an
abnormally low wave velocity.

(24)
NUMERICAL SOLUTION AND
APPLICATION

H,

He -

(He -

(26)

where
(27)

Ax

The Computer Code WHAM
The computer code WHAM was specifically written
to numerically solve the difference equations (17) to
(20) for the general case of a complex network of
pipes connected either in series, parallel, or a
combination of both.
The inputs to the program are as follows:
(a)
(b)

is a measure of the amount of interpolation.
To be assured of stability, the Courant condition
(also known as the CFL condition)

(28)

must be met. This could be achieved by the
appropriate choice of Ax in each pipe for a given At,
assuming that the velocity a is known, but for an
integral number of axial segments in each pipe, f will
be usually not equal 1, and interpolation will be the
norm rather than the exception. This is not a
preferred method as interpolations introduce artificial
numerical damping into the solution.
The best way to avoid or reduce damping is to

(c)
(d)
(e)
(f)
(g)

all dimensions and friction factors of the piping
network details such as series/parallel pipe
connections
sonic velocity in each section of pipe
steady-state flow conditions in each pipe
time step and maximum time of simulation
tolerance factor on sonic speed
input/output (I/O) instructions to the code

The time step chosen determines the number of
segments in each pipe according to the CFL
condition. Too large a step produces only one or two
segments in the shortest pipe, while too small a step
slows down the calculation time.
The outputs of the program are the pressure and
flow rate at each node in each pipe of the network, as
a function of time after the start of the waterhammer
transient. All internal calculations of the program are
in metres of head (pressure) and discharge flow
(velocity x area), these being the two variables
normally used in the analysis of fluid transients. The
internal calculations are then independent of the fluid
density as can be seen by inspection of equations (17)
to (20). The code uses an input fluid density only to

convert the output pressure and flow to the more
familiar MPa and kgs 1 units.

SIMPLE BENCHMARK CASES
This section is sub-divided into two studies,
namely, simple acoustic mode studies to investigate
the effect of piping area change location in relation to
the mode shape, and parametric studies to investigate
the effect of various hydraulic related parameters on
wave damping. The studies are performed in the
context of the fuel channel acoustic problems
encountered in the Darlington fuel damage
investigation referred to earlier, but the results are
generically applicable to any piping systems in which
similar boundary conditions are imposed. In all the
figures discussed, only the maTimnm positive wave
amplitude will be shown at any axial location. The
actual wave shape is obtained by a simple reflection
of the wave amplitude every half cycle about the
abscissa.
Acoustic Mode Studies
Figure 1 shows a set of seven benchmark
geometries, all of total length equal to one
wavelength of the forcing function. A constant
sinusoidal pressure oscillation, representing the
forcing function is applied at point A on the left, and
a constant pressure is maintained at point B on the
right. All cases have the same mass flow rate of
fluid, pipe friction factor, density, forcing function
frequency, and so on, as shown in the figure.
The first case in Figure 1 is termed "Reference
Case A" and corresponds to a simple organ pipe,
open-ended at point B. Since the pipe length is
exactly one wavelength, the pipe is expected to
resonate with a large pressure amplification. The
calculated wave amplitude or amplification, using the
model described above, is shown in Figure 2. The
forcing function is seen to be amplified by a factor of
almost 20.
The remaining six cases in Figure 1 consist of two
different diameter pipes (one of which is half the
diameter of the other "reference" diameter pipe), with
different individual lengths, connected as shown.
The pipes are either one-quarter, one-half, or threequarters of a wavelength, but the total length of the
composite pipe is always one whole wavelength.
The calculated amplification of the forcing function
for these six cases is shown in Figures 3 through 5,
and compared to the Reference Case A of Figure 2.

The following rules help to understand the different
responses in each of these six cases, namely:
a)

the shorter the resonant length of pipe, the
greater the wave amplification;

b)

the amplification is dominated by whether the
section of pipe closest to the forcing function
is in a resonant mode;

c)

a decrease in pipe diameter produces some
wave reflection, and a tendency towards a
wave antinode (or maximum). Conversely, an
increase in pipe diameter produces some wave
transmission, and a tendency towards a
wavenode (or minimum).
Since both
tendencies are present on either side of a pipe
diameter change (depending on whether you
look at the junction from one side or the
other), the one which dominates is determined
by the pipe section closest to resonance;

d)

a pipe section of length equal to an integer
multiple of HX is in a resonant mode if the
junction
produces
a wave
antinode
(maximum);

e)

a pipe section of length equal to an integer
multiple of i6\ is in a resonant mode if the
junction produces a wave node (minimum);

These rules should be generally applicable for a
fixed pressure boundary condition at the downstream
end, since they are based on cases which involve
resonant and non-resonant pipe length combinations.
Let us see how the amplifications shown in Figures
3 through 5 can be explained qualitatively with these
rules. Note that in all cases, it is the combination of
rules which determines the response, rather than any
one rule.
Figure 3 shows Case Al and its corresponding
geometric inverse Case A4. In Case Al, the
upstream U X section is a resonant mode if the
junction produces a wave antinode (rule d); the
diameter decrease at the junction does indeed favour
an antinode (rule c), so that the amplification is
dominated by the resonant upstream pipe section,
since this is closest to the forcing function (rule b);
finally, the shorter resonant length ensures that the
amplification in Case Al is larger than the Reference
Case A (rule a).
In Case A4, however, the diameter increase at the

junction favours the downstream MX section to be in
resonance (rules d and c), but the amplification is
dominated by the fact that the upstream section of
pipe (closest to the forcing function) is not in a
resonant mode(rule b). This results in a lower
overall amplification than Reference Case A.
Similar arguments apply to Cases A2 and AS
shown in Figure 4. Note that the shorter upstream
resonant length in Case A2 produces an even larger
amplification than in Case A or Case Al.
Cases A3 and A6 shown in Figure 5 can also be
understood in a similar manner, but they are
somewhat more interesting. The diameter decrease
at the junction in Case A3 favours the downstream
V4X section to be in resonance (rules e and c), leaving
the upstream 'AX section in a non-resonant mode.
The end result (and this is not a priori predictable
without calculation) is that the amplification in the
downstream section is slightly higher than in Case A.
In Case A6, the diameter increase at the junction
favours the upstream !/iX section to be in resonance
(rules e and c). This section is closest to the forcing
function, and has a shorter resonant length, thus
ensuring that the amplification in Case A6 is
significantly larger than the Reference Case A (rules
b and a).
Parametric Studies
Additional studies were performed, primarily to
investigate the effect on wave damping of parameters
typically encountered in hydraulic analyses. These
are shown as Cases A7 through A16 in Figure 6, and
discussed below.
Effect of Mass Flow Rate (Coolant Flow Velocity)
Cases A10 through A16 are identical to Cases A
through A6, respectively, except that the average
fluid flow is set to zero. The results, shown in
Figures 7 through 13, demonstrate that the effect of
flow is relatively small in some cases (Figures 7, 8,
12 and 13), and relatively large in others (Figures 9,
10 and 11). The results are definitely not a priori
predictable and require further study. However, on
the basis of these results, it is concluded that flow is
not a critical parameter, in comparison to others
reported below.
Effect of Pipe Diameter
Cases A and A7 are
identical in all respects, except that the diameter of
the pipe in Case A7 is reduced by a factor of two.
Although this produces an increase in the fluid flow

velocity by a factor of four (due to constant mass
flow rate), we know from Figure 7 that flow has a
very small effect for this particular geometry. Thus
any difference in predicted amplification must be
largely due to the diameter difference. Figure 14
shows that Case A7 produces a much lower
amplification than Case A. Hence, it is concluded
that the wave amplification increases with diameter,
all else being equal.
The effect of diameter is via thef/D frictional loss
term in the momentum equation (6). Thus, the
diameter and friction factor would be expected to be
equally strong parameters. This is not quite the case
for constant pressure drop and mass flow rate
conditions, as discussed below.
Effect of Pipe Friction
Case A8 is identical to Case A7, except that the
friction factor is (arbitrarily) a factor of thirty-two
lower. The results in Figure 14 show that the effect
of lower friction is a higher wave amplification.
The above result was obtained on the smaller
diameter pipe. A similar study on the larger
diameter pipe (Cases A and A9) yields similar results
as shown in Figure IS. It is clear that friction factor
is a key parameter in determining the wave
amplification.
Comparison of Cases Wj^ Similar Pressure Drop
Cases A7 and A9 produce identical pressure drop in
the pipe using two different methods. In Case A7,
the combination of smaller pipe diameter and, hence,
larger flow velocity, produces a factor of thirty-two
increase in pressure drop over the Reference Case A.
This is because the pressure drop is proportional to
v'/D or Dr*. In Case A9, the same pressure drop is
obtained with a factor of thirty-two increase in
friction factor.
The results of Figure IS indicate that for different
flow/geometry conditions with constant pressure drop
and mass flow rate, the case with the highest friction
factor produces the lowest wave amplification. In
other words, friction factor effects dominate over
flow velocity and pipe diameter effects for those
conditions normally encountered, where flow and
pressure drop are essentially constant. This is by no
means an obvious result, and it helps to partially
explain the observed large damping of acoustic
pressure in fuel channel end-fittings with their large
frictional resistance. Additional effects due to wave

filtering in end-fittings have already been identified
on the basis of experimental results (Ref. 4).

These results are illustrated in Figures 16 and 17,
respectively. Figure 16 shows the effect of frictional
damping in the inlet end-fitting (IEF) and outlet-end
fitting (OEF) on the pressure amplitude in the channel
region for an empty channel cold test conducted at
Stern Laboratories (Ref.4). The figure shows that the
effect of wave filtering (dead-end effect) in the endfittings is negligible in this case. On the other hand,
Figure 17 shows a similar test at a slightly different
frequency, in which both frictional damping and wave
filtering play a role in reducing the pressure
amplitude in the channel region (the concept of wave
filtering is explained fully in Reference 4).

CONCLUSIONS
Through a series of parametric studies, it is possible
to understand, at least qualitatively, the basic acoustic
response for the case of fluid flow in relatively
simple piping configurations, using a set of rules or
criteria described in this paper. The results are by no
means obvious in some cases. It is hoped that piping
designers and engineers can learn from this exercise,
and be able to understand and avoid potential
acoustic vibration problems associated with fluid
flow.
The results obtained indicate that the effect of fluid
flow velocity on wave amplification at resonance is
complicated at best, and deserves further study.
However, this study has identified the friction factor
and pipe diameter as key parameters affecting wave
amplification, dominating the effect of fluid flow
velocity.
The greater the friction factor, or
conversely the smaller the pipe diameter, the greater
the acoustic damping. For constant pressure drop in
a pipe, in which the friction factor, fluid flow and
pipe diameter may be varied, the effect of friction
factor on damping is by far the most important.
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FIGURE 1
Seven Benchmark Cases For Total Length Equal To One Wavelength
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FIGURE 6
Five Benchmark Cases For Total Length Equal To One Wavelength
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Effect of Pipe Diameter and Friction Factor
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FIGURE 16 : Empty Channel Cold
SWEEP03, Pt #52, 150.0 Hz
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ABSTRACT
This paper presents how the Emergency Operating Procedures (EOP) and
Incident Management have been improved at Gentilly-2 in a revision undertaken
in 1990 involving authorized staff, technical specialists and candidates in training
for authorization.
An operating team organization and a general approach following an abnormal
event were defined prior to the revision of event oriented EOPs aiming at
improving the presentation and adapting them to the incident management
strategy. Generic EOPs were developed in order to fill a gap and to provide a
second alternative to event oriented EOPs.
In the validation process, the use of our simulator and the experience of the
operating staff contributed to reflect realism and helped to avoid the production of
academic procedures.

1.

INTRODUCTION
Gentilly-2 is a single unit, 675 MW CANDU reactor. As a single station, the
resources involved in the development of Emergency Operating Procedures
(EOP) are limited. On the other hand, the limited station staff gives the opportunity to have a more integrated approach to incident management. This
situation has permitted to integrate the authorized staff training into the revision
of emergency operating procedures. The parallel development of training
programs and emergency operating procedures and policies has improved the
management of abnormal events at G-2, mainly because the process has
brought together the operating experience of authorized staff, the technical
knowledge of specialists and the critical attitude of candidates in training for
authorization.
The objective of this paper is to present how the Emergency Operating Procedures Standards for Canadian Nuclear Utility!1] have been implemented and
what are the abnormal event management caracteristics particular to G-2.

2.

A BRIEF HISTORY
1982: start-up of the station. The first approach used by the station to develop
its abnormal incident manual was based on the Station Safety Report analysis.
Fault tree analysis (Safety design matrix) were used to identify the failure modes
of the main systems and determine the consequences of these failures and the
required operator actions.
In 1983 we began a revision, putting efforts into the development of more precise
diagnostic tools and a systematic approach to all the abnormal events. This
approach was based on the symptoms and the behaviour of important system
parameters.
However, the original focus was put on writing academic procedures that could
be used to answer questions asked by the regulatory authority in authorization
exams. So, these procedures were difficult to use in a real operating environment and they did not rely on a good analysis of operator tasks.
In 1985, a joint utility task group was initiated by of the three Canadian Nuclear
Utilities and the AECB to review the current state of EOPs in CANDU and foreign
nuclear plants, to evaluate the need for improved EOPs in CANDU and to
prepare EOP standards for CANDU stations. In 1987, the joint utility task group
issued the EOP standards for CANDU stations.

1989, a full scale simulator became available at the Gentilly-2 site. The simulator
was available for training and for testing the emergency operating procedures.
Tests performed with authorized staff on the simulator had clearly demonstrated
the inadequacy of the existing EOPs. It became obvious that the EOP format and
presentation had to be totally reconsidered. It was found necessary to rewrite
them to allow continuous evaluation of station behaviour (important system
parameters) and to make them easily executable in a team environment.
1990, a request was made by the regulatory authority to train and prepare the
Shift Supervisor and First Operator candidates for a performance based
evaluation on the simulator. The evaluation was to be based on a limited number
of nuclear abnormal events with implementation of additional faults. While
performing the training program it was identified that the tasks of the different
operators were not properly defined and could lead to difficulties. This became
evident when additional faults were introduced and /or when the Site Emergency
Plan had also to be managed by the shift supervisor. At that time, all the
ingredients were put together (experience, knowledge and criticism) to produce
adequate procedures and, as a result, it was decided to make the necessary
effort to improve the abnormal incident policies and procedures.
1991, the regulatory authority agreed that we repeat performance based
evaluation on the simulator, but this time on a larger number of conventional
scenarios. The abnormal incident strategy had to be improved to cope with non
EOP events and to optimize the tasks of each individual of the operating crew.
1993, the regulatory authority issued its examination procedure OCD-ST6.
Simulator based examination was no longer performed on a limited number of
scenarios. The operating strategy during an upset had to be revised to
encompass an unlimited number of situations. The role of the shift supervisor,
the authorized first operator and senior operators present in the control room had
to be documented.

3.

IMPROVEMENT OF EOP'S AND INCIDENT MANAGEMENT AT GENTILLY-2
A complete revision of the Emergency Operating Procedure and Incident
Management was started at the beginning of 1990 and has been completed.
This revision was carried out in parallel with the development of simulator
training programs for the authorization of shift supervisor and first operator. The
process which brought together the operating experience of authorized staff, the
technical knowledge of specialists and the critical attitude of candidates, was
very efficient, highly motivating, stimulating and successful.

The experience acquired since the beginning of the operation of the plant had
shown that the following issues needed to be addressed in the revision to
guarantee a safe operation of the station in all situations:
Clearly define the organization of the operating team that has to be put in
place to manage the incident and to guarantee efficient use of all the
available resources.
Clearly define station specific expectations and good practices for the
operating staff during abnormal situations.
Implement continuous monitoring of important safety related parameters.
Develop a general approach that could be used for the stabilization of the
station under any abnormal event situation.
The whole set of EOPs (specific and generic) must cover all the events
used to define the overall safety envelope of the station as defined in the
Safety Report, Safety Design Matrix and other analysis submitted to obtain
the Operating License.
Provide a non ambiguous diagnostic (clear entry conditions) for each
event based procedure.
Prepare restoration procedures based on a state approach in order to
provide a second alternative to the operational crew following a failure in
the application of a specific EOP or in the case when the main control
room becomes inoperative or/and uninhabitable.
Improve the presentation and the format of all EOPs.
Provide a way to validate each procedure in a realistic operating environment.
So, since 1990, much work has been done at Gentilly-2 station to implement a
rational solution to these different issues.

3.1

OPERATING TEAM ORGANIZATION
The minimum operating staff defined as necessary to manage an incident at
Gentilly-2 station is composed of:

a shift supervisor (SS)
an authorized first operator (AFO)
a senior field operator (SFO)
a senior alarm monitoring operator
two senior panel operators
five field operators
In order to manage adequately an abnormal event, the operator tasks have been
defined precisely and tested on simulator during team retraining and during initial
training for authorized staff with many different types of events. A summary of
the control room organization and the operators1 tasks is presented in figure 1.
A characteristic of this operating team organization is the greater role that senior
operators (non authorized) now play in the management of incidents, particularly
in the monitoring of important parameters and equipments using generic
hand-outs. As a result, a formal qualification process for senior operators has
been implemented regarding this issue.
It was observed that regular training on simulator was also required for those
operators in order to allow them to understand and to perform efficiently their
specific roles during abnormal events.
It is also essential to promote good communication between the operators to
enhance their ability to perform as a team. Some rules have been defined to
guarantee clear communication and operators are expected to use them during
exercises.

3.2

GENERAL APPROACH
The main objective of the general approach is to optimize the retention and the
containment of radioactive material under any circumstances. The operating
staff should perform the adequate actions to implement the main safety functions;
.
.
.
.

shut down the reactor
contain radioactive materials
maintain appropriate heat sink
monitor safety function parameters

The improvement of the specific EOP diagnosis has allowed to discriminate in
favour of the most important parameters which must be monitored continuously.
It resulted in the implementation of a monitoring procedure. In this procedure,
three sets of parameters are defined:

.
.
.

critical safety parameters (CSP)
main safety parameters (MSP)
other parameters of specific EOP diagnosis

The CSPs are a small set of parameters whose status, over a determined limit,
indicate a threat or a deterioration of the integrity of the safety barriers. For all
CSPs, a restoration guide has been prepared aiming at the re-establishment of
the parameters within acceptable limits or the mitigation of the consequences.

For Gentilly-2, the CSPs are:
.
.
.
.
.
.

reactor power
subcooling margin at the four inlet headers
pressure in the reactor building
activity in the reactor building
activity in the steam generator
activity in the service water

The MSPs are a greater set of parameters and they give, if maintained inside
determined limits, a sure indication that the reactor power is under control, that
the fuel is adequately cooled and that the radioactivity is correctly contained. All
the CSPs are included in the MSPs.
The monitoring of MSPs aims to confirm the response of the plant and allows to
re-actualize the diagnosis during the use of a specific EOP.
Some parameters other than CSPs and MSPs, which are key elements in the
diagnosis of specific EOPs, must also be monitored continuously. For example,
instrument air pressure is a major indicator of a loss of instrument air. The monitoring of this third category of parameter helps to anticipate deterioration of the
general plant conditions.
Four bar charts have been specially created to rapidly monitor these very
important parameters (CSPs, MSPs and other parameters of specific EOP
diagnosis).
Also, a more global approach has been implemented to face any abnormal situation. This approach is made up of following major stages.
The recognition of an abnormal situation (automatic power drop greater
than 10% FP).
The verification of the efficiency and the completion of the actions of
automated systems (safety and support safety systems).

Actions in the Main Control Room (MCR) prior to evacuation and actions
in the Secondary Control Area (SCA) if MCR becomes inoperative and/or
uninhabitable.
Verification and completion of the actions of Emergency Core Cooling
(ECC), if it trips automatically.
Continuous monitoring of CSPs, MSPs and other parameters of specific
EOP diagnosis.
Restoration of the subcooling margin, if required.
Diagnosis
Application of specific EOP.
The general approach is presented in a diagram at figure #2.
The verification of the efficiency and the completion of the actions of the automated systems rely upon documented good practices and a set of generic EOPs
(generic hand-outs and the generic procedure "Automatic initiation of ECC").
The figure #3 presents the station specific expectations and good practices
following the initiation of SDS#1.
This step of the general approach covers the restoration of the following CSPs :
reactor power, pressure and activity in the reactor building. For these three
CSPs the restoration relies essentially upon the action of safety systems
(setback, stepback, SDS#1, SDS#2 and containment) and the portion involving
the operator consists only of the verification of the normal response of the
solicited systems.
In the case of ECC automatic initiation, the verification and the completion of the
actions of this automated system may also cover the restoration of the subcooling margin, if the deterioration of this CSP is not due to a loss of heat sink.
In the case, highly improbable, where the main control room (MCR) would
become uninhabitable and/or inoperative, two generic EOPs have been
implemented. The first one gives the actions which ara required prior to
abandoning the MCR and the second covers the actions which have to be
carried out in the secondary control area (SCA). This constitutes an ultimate
effort to avoid core deterioration.

The continuous monitoring of CSPs, MSPs and other parameters of specific EOP
diagnosis rely on a surveillance procedure carried out by a designated operator.
The continuous monitoring allows to re-actualize the initial diagnosis, to anticipate further deterioration, to detect additional failures and to initiate restoration
procedures more rapidly. Also, this procedure gives the hierarchy and the field
of all generic and specific EOPs in order to guide the operator toward the most
urgent situation (or dominant event) following a multiple event situation.
Finally, in order to enhance the importance of CSPs and improve the continuous
monitoring, a color coding of the window alarms in the MCR has been defined.
Now, the red color is used only to indicate the initiation of a setback, stepback,
SDS#1, SDS#2, ECC, containment and/or dousing, and to indicate activity in the
steam generators or/and in the service water. Essentially, the red window alarms
indicate that CSPs are challenged.
The restoration of the subcooling margin at inlet headers is covered by a generic
procedure which gives the ultimate guarantee that the fuel is adequately cooled,
whereas the restoration or at least the mitigation of activity in service water or in
the steam generator are covered by specific EOPs. These specific EOPs rely
both on the use of ECC manually to preserve (assure) adequate cooling of the
fuel.
The purpose of this approach is not to reject the event based procedure
approach but to fill a gap with a more generic perspective. The recognition of a
specific event and the utilization of an event based procedure always constitute
the optimal way to face an abnormal event. However, the good practices toward
the initiation of special safety systems, the continuous monitoring of important
safety parameters and the restoration of subcooling margin procedures make up
a safety net to event based procedures and frame a second alternative to
stabilize the plant following any abnormal event. The general approach has the
advantage of stabilizing CSPs before attempting to recognize the event. In fact,
if the operator fails to identify the event, the whole set of specific EOPs is quite
useless.
Furthermore, we have improved our alarm annunciation system to reinforce this
global approach. A review of the MCR window alarms has been done and the
orange color has been introduced as an intermediate indicator between the red
and the white to enhance the hierarchy of the window alarms. Hence an orange
window alarm requires a quick response and it is particularly useful to identify
any additional important failure that may occur during the stabilization of the
plant following an upset.

Me aover all CRT alarms have been reassessed in the context of major/minor
als ms. After an upset (setback, stepback, SDS#1, SDS#2, turbine unloading or
turbine trip) only the major alarms appear on the CRT. All the alarms were left
major except for those which correspond to the clean mark of a setback, a
stepback, a turbine trip, a SDS#1, a SDS#2, a containment/dousing initiation and
an ECC initiation. Those were made minor because they are a result of the
operation of the system and are therefore not abnormalities.
The alarm discrimination is efficient to keep displayed on the CRT the alarms
related to the initial cause of the event and to monitor the occurrence of
additional failures during the stabilization of the plant, at a pace, acceptable for
the alarm panel operator.
The number of trends and bar charts has been doubled and many of them are
dedicated to abnormal events. Hence key parameters are grouped to carry out
EOPs more efficiently.

3.3

EOP PRESENTATION, STRUCTURE AND RULES
This section aims at highlighting the main new features in the presentation,
structure and rules adopted for G-2's EOPs.
The EOPs are built like a computer program with steps for execution and
steps for decision. In fact the EOPs have a logigramm form with all details
required to perform the action included. Each action is presented in two
steps: what to do and how to do it.
The decision criteria are clearly identified.
The critical actions are clearly identified.
All specific EOPs have a common generic structure.
Each specific EOP has his own specific continuous monitoring parameter.
In fact, these are boxes strategically located in the EOP allowing the
operator to go backward or jump forward if certain limits are exceeded.
The path followed in the procedure execution is dictated by the behaviour
of those specific parameters. This prevents stalling the execution of the
EOP by waiting for a specific parameter set point or earring out an action
too early or too late. So the EOP becomes independent of the progress
rate of the event.

All actions which have to be carried out in parallel by other operators (in
the field or in the MCR) are written in a specific or a generic hand-out.
All EOPs are self-sufficient concerning the critical actions (i.e. there are no
references to operating manuals).
Each specific EOP has a boundary mark "End of critical actions" to indicate that the situation is stabilized and to differentiate long term or
complementary actions from critical actions.
A specific EOP should be produced for each situation that meets the
following criteria;
.
.
.
.

the situation is complex (many steps are required)
the integrity of the safety barriers is at risk
there is a requirement to shut down the reactor immediately
the use of a Special Safety System is highly probable

All heat sinks available for a specific event should be analyzed and a
hierarchy should be built into the procedure.

4.

VERIFICATION
PROCEDURE

AND

VALIDATION

OF

EMERGENCY

OPERATING

When the emergency operating procedure development was integrated into the
training program, it was found that an independent verification and validation was
necessary to prevent the procedures from becoming too academic and from
covering highly improbable event sequences.

4.1

VERIFICATION
The verification should be done independently by technical specialists. The verification is the process used to confirm that:
the systems will respond as expected
the criteria used to prompt a decision or a particular action are well
chosen

the actions required to stabilize the plant are optimum (if necessary,
extensive simulation using computer codes would be performed to
complement information already available in the reference analysis)
the chosen heat sink is the preferred one and the actions to implement it
are optimum
the man-machine interface (alarms, annunciation and panel operation) are
exact; "to specify the wrong hand switch could be catastrophic in a high
stress situation"
the timing of hand-outs to the operator is adequate

4.2

VALIDATION
Validation is the demonstration that the procedure could be executed by operating staff if they are properly trained. It should be noted that you can train people
to operate at a very high level, but the procedure should be executable by
normally trained staff. Loss of knowledge with time must also be considered.
Validation is the process used to confirm that:
there are clear entry points to the procedure
the procedure presentation is adequate to prevent execution errors
the man-machines interface actions are exact
the procedure could be implemented with the minimum staff of operators
the procedure is tolerant to additional failure
that all the hand-outs could be executed by control room operators or by
field operators
A first verification/validation is done during the training program on the simulator
by the authorized shift supervisor in charge of the training and by the candidates
for authorization. Several trial runs with different leak rates, additional failures
and different candidates are carried out to validate the EOP's robustness.

A second validation is carried out on the simulator, in a teamwork approach, by
at least one operating crew where each section of the procedure is tested by the
personnel who will have to perform the job, and during a table-top review by
authorized personnel not involved in the development of the procedures.

5.

CONCLUSION
At Gentilly-2, there has been a continuous evolution in the development of
abnormal procedures. However, the current round of revisions undertaken in
1990 is now complete. Currently 22 specific EOPs, 5 generic EOPs, 5 generic
hand-outs and 8 specific EOPs for shut down conditions have been produced
and the last of those should be implemented in the main control room before the
end of 1994.
The addition of simple and strongly built generic EOPs has allowed a reinforcement of abnormal event management on a stage by stage basis without having to
put aside the utilization of specific EOPs. The defense in depth has been
increased by the addition of procedures to monitor important parameters and to
restore adequate heat sink.
The simulator has proven to be a valuable tool in the development of these
procedures. In addition, the integration of the revision process with the training
programs provided a way to accelerate the EOP's revision, as well as to improve
the training process.
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FIGURE # 2

OPERATING RESPONSE STRATEGY TO ABNORMAL EVENT
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FIGURE #3
STATION SPECIFIC EXPECTATIONS AND GOOD PRACTICES
FOLLOWING THE INITIATION OF SDS#1
(AUTHORIZED FIRST OPERATOR)
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ABSTRACT
SYMPTOMS RESPONSE, OPERATOR COGNITION and the application of the
EMERGENCY OPERATING PROCEDURES (EOP) STANDARDS for Canadian Nuclear
Utilities are three of the four corner stones of the Point Lepreau EOP program, the fourth corner
stone is a COMMON SENSE application of the other three.
The Emergency Operating Procedures for the Point Lepreau Generating Station have been
subject to two major revisions over the past decade. The later revision, currently in progress,
reflects a full application of the "Emergency Operating Procedures Standards for Canadian
Utilities". The Standards require, prior to issue of an Emergency Operating Procedure, the
application of a process which entails the elements of "Generation", "Verification" and
"Validation". This paper describes that process with respect to the production (including
Generation, Verification and Validation) of a Generic EOP and those EOPs which deal with Loss
of Coolant Accidents and Loss of Heat Sink accidents. The activities involved in each of the
elements are discussed and illustrated with examples extracted from the EOPs.
The EOPs are part of a larger framework which dictates the human response to an upset - the
plant specific "Upset Response Strategy". That strategy is developed from a fundamental
understanding of the process time constants. Likewise, the strategies internal to an EOP must
recognise both process time constants and the "human time constants". The EOP structure,
format and detailed content must recognise the Control Room Operator as an intelligent
controller - objectives, inputs, decisions and actions must be expressed with the CROs' cognition
foremost. Proper application of the elements of Generation, Verification and Validation ensure
that the necessary technical and operational experience has been incorporated into an EOP before
it is released to training and before it is issued.

EMERGENCY OPERATING PROCEDURES
HISTORICAL PERSPECTIVE
The Point Lepreau Generating Station, a single CANDU 600 MWe unit, commenced production
in 1982. Since then it has compiled a lifetime capacity factor in excess of 90% with no
prolonged forced outages. It is scheduled for a prolonged refit outage in 1995.
The Emergency Operating Procedures (EOPs) have not played a direct role in the successful
operation of the Point Lepreau station in the sense that EOPs have rarely been used "in anger".
The EOPs have played a key role in the training of all staff licenced to Control Room Operator
(CRO) and Shift Supervisor (SS) levels. By their very nature, the EOPs demand an
understanding of the plant beyond the day to day routines. That understanding, by the CROs and
SSs, requires a sound appreciation of engineering physics, a recognition of design details and
an awareness of the time response characteristics of important processes. The understanding goes
beyond the requirements for normal operation or equipment failure operation. It, nevertheless,
complements the understanding of normal and slightly abnormal conditions. The central issue
is that the Operating Crew's cognition is vital to all procedures. The EOPs are only exceptional
in that they demand a more complete understanding - which itself demands that EOPs must be
prepared recognising that they are FOR the CRO and the Control Crew.
In the years following the accident at Three Mile Island Unit 2, many utilities and regulatory
jurisdictions recognised the importance of SYMPTOMS RESPONSE and, in addition,
acknowledged the inherent danger in explicitly reflecting conservative safety analyses
assumptions in developing EOPs, Refs 1, 2, 3, 4. In various ways, utilities identified how a
CRO should measure and decide whether the response of specific functions was satisfactory or
otherwise. In all cases, the application of Symptoms Response required defining the specific
functions to be assessed, the relevant parameters to be measured and the specific responses
which were satisfactory. When a response was unsatisfactory, a recovery procedure was needed.
In 1987, the Canadian nuclear utilities (Ontario Hydro, NB Power and Hydro Quebec),
responding to an initiative of the Atomic Energy Control Board, produced the "Emergency
Operating Procedure Standards for Canadian Utilities", Ref 5. This document reflects an
undertaking for all Canadian nuclear utilities to apply the principles of Symptoms Response in
developing and implementing any EOP program. Throughout this paper Ref 5 will be called the
"Standards" but it should be recognised that the "Standards" have not been developed in
accordance with and under the jurisdiction of the Canadian Standards Association.
SYMPTOMS RESPONSE, OPERATOR COGNITION and the STANDARDS are three of
the four corner stones of the Point Lepreau EOP program, the fourth corner stone is a
COMMON SENSE application of the other three.
The original 8 EOPs at Point Lepreau were and still are named APOPs - Abnormal Plant
Operating Procedures. In 1991 the "Generic" EOP was issued and in 1993 an EOP was issued
for Secondary Control Room operations following a steam piping rupture. In this paper, all of
1
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these procedures will be referred to as EOPs, though it will be apparent that some of them
address events which are less severe than others.
The original 8 EOPs adopted a SYMPTOMS RESPONSE approach utilising the response of
the following parameters :
REACTOR POWER,
REACTOR BUILDING PRESSURE, REACTOR BUILDING ACTIVITY,
BOILER PRESSURE, PRIMARY (HEAT TRANSPORT) PRESSURE,
PRESSURISER LEVEL and BOILER LEVEL.
The emphasis on Symptoms Response was a significant advance in the CRO's understanding of
plant response. A text format with extensive "IF..., GO TO...., ELSE
" statements was
adopted - a format that was readily usable for classroom study, hence useful for training.
Although sufficient for classroom study, the text format was cumbersome when applied to a real
event in the main control room. The text format did not present the CRO with a clear overview.
In complex conditions, the text format made it all too easy to be on the wrong page.
From 1983 to 1986, the original 8 EOPs were reformatted using LOGIC DIAGRAMS. The
intent was to provide the CRO with a format which continuously provided an overview, Ref 6.
Symptoms Response had again been given substantial weight and Operator Cognition was
enhanced by the overview and by understanding the relevance of the selected parameters.
The present paper describes the application of the third cornerstone, the STANDARDS, in
developing a "Generic" EOP and in revising the EOPs dealing with Loss of Coolant Accidents
(LOCAs) and Loss of Heat Sink accidents. The elements of Generation, Verification and
Validation as required by the Standards will be illustrated with examples taken from the EOPs.
Three of the eight original EOPs have been revised and issued and the remainder are scheduled
for issue in 1994/95. This represents the second major revision of the original 8 EOPs. The
Symptoms Response strategy has been retained, the Logic Diagram format refined and the
Standards requirements implemented.

THE STANDARDS
The Standards is a complex document which not only prescribes rules but also attempts to teach
some of the physics fundamentals of Candu type reactors and in some cases water reactors in
general. That complexity was deliberate on the part of the authors, Ref 7, and is intended to give
a deeper understanding of the purpose of the prescribed rules. The Standards have adopted a
policy of specifying and measuring the sufficiency of any plant configuration via a limited set
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of Critical Safety Parameters, CSPs, reflecting Symptoms Response in its more general
application. The Standards explicitly require that both "generic" and "specific" procedures be
written recognising different levels of sufficiency. The words NORMAL, ABNORMAL,
UNDESIRABLE, UNACCEPTABLE - are used in the Standards to describe a degradation of
plant sufficiency.
The Standards require the application of a "Response Strategy to Upsets" which will ensure that
the operating crew can recognise when a specific EOP is required, and can monitor the success
of that procedure. Effectively, this requires recognition of the event and relevant CSP
monitoring. The Response Strategy to Upsets must also include CSP monitoring beyond those
parameters related to a specific event.
These general requirements of the Standards led to the development of an Operator Upset
Response Strategy, OURS, Ref 8, for the Point Lepreau Generating Station. The design of the
Digital Control Computers, DCCs, and the design of the four Special Safety Systems, SSS*,
include monitoring of all major CSPs when the unit is at power. Hence the at-power monitoring
of CSPs is essentially automatic - rapid response by the CRO is NOT required. The OURS
structure has recognised the Candu design attribute of the DCCs and the SSSs. It has also
recognised that EOPs are not all equal - some deal with very severe conditions others with nonsevere and varying degrees of complex conditions. The adoption of the OURS has a significant
effect on the scope and content of the EOPs.
Prior to the adoption of OURS, each EOP had attempted to specify its specific Special Safety
System requirements. With two exceptions, the EOPs deal with post SSS/Shutdown actions - the
two exceptions are "Small LOCA" and the closely related "Steam Generator Tube Failure"
These EOPs also address pre-shutdown conditions where the automatic SSS and Reactor
Regulating System actions are delayed and the CRO is required (by design intent) to be
proactive. Figure 1 shows the adopted Operator Upset Response Strategy annotated to show the
Standards levels of sufficiency.
The Standards require the application of a strict management structure to the lifecycle of EOPs the production process is controlled by three elements or stages called
GENERATION, VERIFICATION and VALIDATION
- in a more general engineering application these are
CONSTRUCTION, INSPECTION, ACCEPTANCE TRIALS

There are four Special Safety Systems on a CANDU 600. They are
Shutdown System 1 (SDS1), Shutdown System 2 (SDS2),
Emergency Core Cooling (ECC) and Containment.
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The intention is to impose a thorough Quality Control system on EOP production and use. There
are additional elements dealing with Training of Operating Staff, Implementation and Updating
which are beyond the scope of this paper.
The Standards require that EOPs will direct the operating staff to address threats to and
deterioration of safety barriers - using specific procedures as well as generic procedures. The
following description of the three elements of GENERATION, VERIFICATION and
VALIDATION will use 3 EOPs, 1 generic and 2 specific to illustrate the application.

GENERATION
Generic and Specific EOPs
First, it is important to clarify the difference between "generic" and "specific" EOPs.
Prior to 1980, most nuclear power plant EOPs were of the "specific" variety - they were
developed to handle specific accidents and typically were strongly influenced by "Design Basis
Events". They included individual EOPs for LOCAs, Loss of Main Generator and Offsite
Power, Loss of Feedwater, Dual Computer Failure, Loss of Auxiliary Services etc. To use such
a procedure the operator has to recognise the specific event. Such procedures have considerable
merit since, for most circumstances, they can focus on an optimum response for that specific
event. There is no direct link between a LOCA and a Loss of Feedwater so the LOCA procedure
can assume that feedwater is available and the Loss of Feedwater procedure can assume that the
primary system is essentially unimpaired. With 10 or more specific EOPs the linkage / nonlinkage between EOPs is important. Point Lepreau has 8 event specific EOPs. Other utilities
have as many as 35 event specific EOPs.
In the early 1980s most utilities concluded that "event specific" procedures had pitfalls associated
with correctly/incorrectly recognising the event and also with the assumptions made about how
the plant would respond to that event. To address these and related concerns, "generic" EOPs
were developed - these generic EOPs avoid requiring recognition of the event which caused the
insufficient condition and focus on identifying that the condition itself is not acceptable. The
Critical Safety Function Restoration Procedures of Westinghouse, the "H" and "U" procedures
of Electricity de France and the Point Lepreau "Generic" EOP are typical of this type.
Where generic EOPs are used in conjunction with specific EOPs, it is vital that the generic
EOPs should not interfere when a specific EOP is sufficient. This effectively places the generic
type EOPs into the category where severe deficiencies exist - beyond design basis, multiple
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faults, significant operator error and so on. By necessity, the generic type EOPs focus on direct
measurement of the vital functions and their use is mandatory when those measurements indicate
a high severity level - in the Standards context, when the specified CSPs indicate an
UNACCEPTABLE condition.
It logically follows that the upset response strategy must give precedence to applying the
"generic" EOPs over the "specific" EOPs. Complementary to such an EOP hierarchy, specific
EOPs also have a ranking and that too must be built into the response strategy. Fig 1 identifies
the EOP hierarchy adopted at Point Lepreau GS. The detailed derivation of that hierarchy is
beyond the scope of this paper but suffice it to say that the "specific" EOP hierarchy is derived
from the relative response time constants. The "severe" EOPs include those dealing with
LOCAs, Loss of (heatsink) Feedwater and Boiler Tube severance. The "non-severe" EOPs
include the complex conditions arising from a Interruption of Hi voltage AC Power, Loss of
Service Water (Component Cooling), Dual Computer failure etc. The Generic EOP has priority
over the severe specific EOPs and the LOCA specific EOP has priority over the Loss of
Feedwater specific EOP.

EOP Preparation - Technical Basis and Format
The scope of the EOPs is governed at Point Lepreau by a Reference Document, the purpose of
which is to ensure that a comprehensive and consistent set of EOPs is prepared. This Reference
Document identifies the relationship of the EOPs to the Operator Upset Response Strategy and
the general principles underlying the response to the upset conditions within which each EOP
is relevant.
Consequently, the scope of a given EOP is constrained by the OURS a)
Special Safety System response is dealt with outside the EOP
b)
the content of each EOP must recognise the EOP hierarchy.
The technical basis for an EOP is developed by staff dedicated to EOP production but working
closely with Training, Operation and Accident Analyses staff. In the case of the generic EOP,
a task group was formed. For the event specific EOPs a specific section of the Technical
Department was formed. The very nature of the EOPs role in accident management demands that
personnel charged with preparing them have a substantial level of knowledge in system design,
process response to upsets, operating practices and human factors.
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A technical basis document is prepared for each specific EOP, identifying the response of all
relevant and major CSPs, explaining the strategies and tactics adopted and identifying the
specific limits of the EOP.
In 1984, the Point Lepreau EOPs adopted a logic diagram format, Ref 6, That format has been
revised and updated in the present revisions to ensure that the individual EOP overall strategy
is clear and uncluttered. Restricted use is made of "Governing Conditions" and the actions are
reduced to the minimum required to implement the required purpose - to stabilise the plant from
the viewpoint of fuel cooling, heat sink and containment. The text has been tailored (reduced)
recognising that the actions will be performed by and under the direction of qualified and
experienced staff.
The format adopted for the Generic EOP is a little different from that used in the specific EOPs.
In both cases, the need to constantly provide the in charge CRO with an overview - a
roadmap showing
i)
where he is,
ii)
where he has come from and
iii)
where he may be going has been addressed via a logic diagram format.
The format has recognised the need for clear differentiation of specific decision/task types a)
Strategic decisions which force a change in strategy are basically "logic
interrupts" - they are called "Governing Conditions", GC, and are distinguished
from all other decisions by a bold diamond (hexagon in the Generic EOP). The
GC essentially says IF (and WHEN) then CHANGE STRATEGY.
b)
Tactical decisions which are not time dependent are represented by an unbolded
diamond.
c)
Actions are of two categories - CONTINUING (do when required) and NOW
(do at this point) and each can have two types - SIMPLE (Operator skill, details
not required) and COMPLEX (details required).
d)
Conditional actions use "If
, Do...." within the text of an instruction.
e)
Where the actions are complex, a sub procedure or TAB is used to provide
details and to avoid cluttering the "roadmap".
The person responsible for the preparation of the EOP is frequently requested to "add"
reminders of "other things to do". It is important to remember that the purpose of an EOP is to
stabilise the plant from the viewpoint of fuel cooling, heat sink and containment. To include
"nice to have" actions which are not essential to the purpose of the EOP can lead to problems.
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Typically, if it is not essential to trip the HT pumps, do not do so, even though it may be
preferred for simplicity. The intent of the EOP is to give the operating crew a clear
understanding of what is required (essential). The acid test for adding or removing details is the
question - "is it essential?" The critical requirement of any EOP is simply and with only the
necessary actions to achieve a "stable" condition where the process time constants are very long
( > > 1 hour).
Fig 2a illustrates the general EOP logic for the EOP dealing with Loss of Feedwater. That logic
addresses the strategic decisions and actions associated with the effectiveness of heat sinks and
recovery of heat sinks. Fig 2b demonstrates page 12 of the logic - the detailed EOP format
when Shutdown Cooling is introduced following a Feedwater pipe break within the Reactor
Building. Note that the effectiveness of the heat sink is checked by a Governing Condition as
well as by a performance check on Cooldown Rate
Figs 3 and 4 illustrate the logic diagram application with specific pages taken from the Generic,
and the LOCA specific EOPs.

EOP Entry Conditions
The CRO must be able to recognise when an EOP is required - each EOP must have distinct
entry conditions which are easily memorised and which result in the EOP being used when its
use is required. Conversely, it is important to avoid attempting to use an EOP when it is not
required. Previous versions of the Point Lepreau EOPs attempted to solve the possible
ambiguities of EOP entry by a page of "entry logic" which required that the CRO combine a
specific alarm annunciation - a CRT alarm or a Window alarm - with a series of questions
designed to establish whether the EOP was required or not. Such solutions frequently resulted
in the EOP being consulted only to be discarded. It also resulted in the regulatory authority
challenging the CROs capacity to "memorise" such entry signatures.
Functional Entry Conditions are used to resolve the possible complexity of combining specific
alarms and responses. The Functional Entry Conditions avoid the use of specific annunciations
and take advantage of the CROs knowledge of plant characteristics. To illustrate this consider
the response of boiler level :
For all trips and stepbacks from full power, the boiler levels fall rapidly below - 1.0m
and in some cases fully recover quickly (30 seconds), in other cases recover slowly (5
minutes). In the case of loss of feedwater, boiler levels do not recover at all. The
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GENERATION
EOP Entry Conditions (continued)
functional entry condition for a loss of feedwater takes advantage of the CROs knowledge
and intelligence and is :
BOILER LEVEL IN ALL BOILERS < -1.0 m AND NOT RECOVERING
Note that no specific alarm annunciations are used.
Interestingly, following a Loss of Class IV Power (Primary Pump power supply) at 100%
FP, boiler levels in all boilers fall below - 6 m the lowest tapping on both Shutdown
Systems. For about 20 seconds, only the extreme "wide" range boiler level measurements
will indicate on scale and boilers level will slowly recover with Auxiliary Feedwater.
On the other hand, recognition that Emergency Core Cooling, ECC, is automatically demanded
can be instantly recognised from control panel window annunciations.
The entry conditions for the generic EOP must recognise that none of the specific EOPs is being
used, or if being used is not doing what was intended - it must provide a safety net. The Point
Lepreau Generic EOP is also governed by OURS, both in the sense that the Special Safety
System demanded requirements have priority over it and in the sense that it should not interfere
when a specific EOP is capable of and is meeting its intended purpose. To date, this has resulted
in a slightly complex Generic EOP Entry Condition - the intent is to identify inadequate "UNACCEPTABLE" - reactor inlet header fluid state.
LOCAs, including those for which ECC is automatically demanded, can result in the reactor
inlet header subcooling margin, SCRIH, rapidly falling below 20 degC for a short period of time.
Heat sink impairments, on the other hand, take a very long time ( > 30 minutes) to produce a
low SCRJH. The current Entry Conditions for the Generic EOP require that it is used when
REACTOR INLET HEADER SUBCOOLING IS LOW
provided that Auto ECC is not automatically demanded.
If ECC is automatically demanded then if after 3 minutes
REACTOR INLET HEADER SUBCOOLING IS LOW
then the Generic EOP must be used.
LOW is defined as 20 degC unless the specific EOPs which deal with a coordinated
cooldown and depressurisation are in use - in which case a value of 10 degC applies.
This type of Entry Condition is easily computed by the Control Computers but is unnecessarily
complex for the CRO and consideration is being given to adopting a
"SCR1H LESS THAN 15 degC AND FALLING"
with one PROVISO :
IF AUTO ECC IS DEMANDED ECC IS GIVEN 3 MINUTES TO RECOVER SCR1H.
as a more "human factored" entry condition.
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Generation Schedule
The generation element schedule is as short as 3 months for the less complex EOPs and typically
for the specific EOPs dealing with severe conditions is 5 or 6 months. The generation element
schedule for the Generic EOP was in excess of 2 years.
On completion of the Generation element, the EOP is submitted for Verification.

VERIFICATION
The Standards advise that "There are four EOP properties which require evaluation after
generation is complete. They are adherence to the generation document, technical accuracy,
technical effectiveness and operator usability. Operator usability is covered under the Validation
Element".
The verification element requires that the EOP is reviewed to confirm that the correct strategies,
inputs, decisions and actions have been adopted and that the procedure will be effective in
stabilising the plant. Specific engineering disciplines, not directly involved in the Generation
element, critically review the EOP. These disciplines include Mechanical, Electrical, Control
and Nuclear Engineering in the following departments - Operations, Safety and Compliance,
Training, Technical. Typically, an experienced engineer or technologist in each department is
assigned the responsibility of critically reviewing each EOP. The review commentary is assessed
by the EOP author and dispositioning agreed with the reviewer and recorded. Unresolved issues
are submitted to the next level of authority for direction.
The verification element refers to the EOP and to any referenced procedures which are critical
to the success of the EOP. Verification must confirm that:
a)
The EOP strategy is consistent with the Operator Upset Response Strategy and
its explicit recognition of Special Safety System response and EOP hierarchy.
b)
The overall strategy of the EOP is technically correct.
c)
The symptoms which trigger EOP actions are appropriate and technically correct.
d)
The specified actions are technically correct and appropriate to the expertise of
a qualified Control room Operator.
e)
The instrumentation specified is the most appropriate available and correctly
specified.
f)
The format and presentation are consistent and satisfactory.
g)
The workload imposed on the Operating Crew is not excessive.

EMERGENCY OPERATING PROCEDURES
VERIFICATION (continued)
The Verification element provides not only for a thorough review, it also creates a formalised
check and balance between the producer, the safety and compliance function and the users of
the EOP - the training department and the operating crew. The commentary received ranges
from detailed typographical corrections to criticism of the strategic approach embodied in the
EOP.
The very nature of the EOPs role in accident management demands that personnel charged with
Verification have a substantial level of knowledge in system design or system operations, process
response to upsets, operating practices and human factors.

Verification Schedule
The verification element schedule is as short as 2 months for the less complex EOPs and
typically for the specific EOPs dealing with severe conditions is 3 months.
On completion of the Verification element, the EOP is submitted for Validation.

VALIDATION
The Standards advise, "The purpose of validation is to ensure that Emergency Operating
Procedures (EOPs) can be used by trained operating staff to respond successjully to abnormal
events. It confirms that the EOPs can be followed effectively within the constraints of
environmental conditions, time and available staff."
The Validation element subjects the EOP to an intensive application on the Point Lepreau GS
full scope simulator. A series of simulator based exercises is developed independently of the
EOP generation. The exercises are intended to "test" each of the logic branches of the EOP. The
exercises are performed by one of the five Operating Crews. The purpose is to confirm that the
intent of the EOP can be readily understood and successfully implemented by the user - for
whom the EOP was written - the Control Room Operating Crew. This element incorporates the
concept of "Customer acceptance trials". The use of the high fidelity full scope simulator,
particularly by a current Operating Crew, exposes the EOP to a series of proof tests which
invariably result in at least some fine tuning of the EOP. In some cases, a more efficient logic
structure is recognised and the EOP modified accordingly.
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VALIDATION (continued)
The Validation element applies to the EOP and to any referenced procedures which are critical
to the success of the EOP. Validation must confirm that:
a)
The EOP can be readily followed by licenced staff.
b)
The format/presentation support the successful execution of the EOP.
c)
The EOP ends with a stable plant state.
d)
The EOP does not impose excessive physical or mental demands.
e)
The communications required by the EOP can be carried out easily and
effectively.
The Validation element provides for a thorough acceptance test on the part of the user - the
Control Room Crew. Many, typically 10-20 accident scenarios are applied to each EOP using
the full scope simulator.
The commentary received ranges from detailed typographical corrections to criticism of the
strategic approach embodied in the EOP.

Validation Schedule
The Validation element schedule is as short as 2 months for the less complex EOPs and typically
for the specific EOPs dealing with severe conditions is 4 months. Since Validation is performed
by a Control Room Crew, their availability can extend the schedule by 1 or 2 months.
The three elements of Generation, Verification and Validation take approximately 1 year to
complete for each specific EOP.
Following Validation, the EOP is submitted for Training and the Operating Crews trained in
its use using the full scope simulator. The Training element also results in changes which are
incorporated prior to issue of the EOP to the Main Control Room.

CONCLUSION
The Point Lepreau EOPs are being subjected to a rigorous application of the elements prescribed
by the Emergency Operating Procedures Standards for Canadian Nuclear Utilities. The elements
of Generation, Verification and Validation have been incorporated within the existing
organisational structure. The principles of Symptoms Response adopted in previous versions
of the EOPs are maintained. Operator Cognition and other human factors are recognised in the
formatting of the EOPs by refined use of the logic diagram format.
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ABSTRACT

A preventive maintenance (PM) optimization program was initiated in January 1993 by
Consumers Power Company at its Big Rock Point (BRP) nuclear plant. Big Rock Point is a 72
MWe General Electric boiling water reactor that entered commercial service in December 1961
and is the longest operating nuclear plant in the United States.
The PM Optimization program was initiated in response to various plant-specific and industry
issues including component failures, age-related concerns, Maintenance Rule implementation, and
regulatory issues related to PM program adequacy, content, and technical basis. With only seven
years remaining on the plant operating license, it was recognized that PM program optimization
would have to be performed efficiently and implemented quickly in order to effectively address
these issues. As a result, a traditional reliability centered maintenance (RCM) approach was ruled
out and a streamlined method was employed to optimize the PM program. Traditional RCM
employs a rigid process that defines critical system and component failure modes and
independently develops recommended PM activities to address the related failure causes. At the
end of the process, the RCM recommendation is reconciled against existing PM activities and
commitments prior to final task determination and implementation. The labor involved in
performing analysis and implementing PM task recommendations has been the major problem for
traditional RCM applications in the power industry. This is due to the detail required and
excessive documentation produced as a result of the rigid process steps. In addition, plant
cultures and staff have not been prepared to implement the recommended PM program changes,
particularly those involving predictive maintenance applications.
The approach developed at BRP focused on the validation and optimization of existing PM tasks,
along with the reconstitution and documentation of each task's technical basis. During
development of the streamlined PM task evaluation process, it was assumed that given a relatively
simple plant design, small plant size and staff, and 30 plus years of operating experience, the
majority of existing PM tasks would be found to be associated with the most significant plant
components. Thus, the task-based optimization effort was initially limited to components within
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the scope of the existing PM program. /The task evaluation process, which includes a componentlevel failure mode e^ffecTFand^rificality analysis (FMECA), does not require a system-level
functional analysis. Instead, the evaluator relies on existing information sources and
knowledgeable plant staff when performing the component-level analyses/"ThTTFMECA results,
vendor recommendations, componentperformaTireTultjoryV and~regulatory commitments are then
compared against the existing PM task to determine if any changes in/frequency or content are
necessary. Application of this process resulted in the evaluation ancr optimization of
approximately 2500 PM tasks over a period of 11 months, including process and computer
workstation development time. One year after initiating the program, over 50% of the
recommended PM task changes have been implemented. In addition, this process is now being
applied in conjunction with a component screening process to/identify appropriate PM tasks for
functionally significant components that are outside the scope of the existing PM program. This
process has identified over 200 components in 15 systems/with failure modes and causes that can
be defended against through the impleinentation of appropriate PM tasks.
This paper witT present the elements of this evaluation process, discuss implementation efforts and
results, and summarize the resultant tangible and intangible benefits associated with PM program
optimization.

2.0

PROGRAM GOALS AND OBJECTIVES

The goal of the PM Optimization program was to improve plant safety and reliability by ensuring
that plant components are appropriately maintained in a manner commensurate with their
importance. To meet this goal, the following specific objectives were defmed:
1. Optimize existing PM tasks while maintaining an appropriate balance between safety, cost,
and benefit.
2. Develop and utilize a computer-based evaluation methodology that employs an effective
logic scheme to determine the proper PM task frequency and content.
3. Document the technical basis for each PM task, along with supporting technical
information, using the PM Validation Workstation.
4. Maximize the use of condition monitoring technologies when technically appropriate and
economically viable.
5. Ensure site-wide access to the Workstation information by operating on the plant local area
network (LAN).
6. Identify and evaluate functionally significant components (i.e., "outliers") not currently
addressed by an appropriate form of maintenance.
7. Implement program results in a timely manner.

8. Transition to a living program to ensure that the Workstation database is maintained
current over time, PM tasks are re-evaluated when warranted, and provide a means for
periodically assessing overall PM program effectiveness in accordance with Maintenance
Rule requirements.
Achieving these objectives required development of a streamlined process for determining
component significance and performing PM task evaluations.

3.0

PM OPTIMIZATION PROCESS

The program began by developing a PM optimization process that would meet the desired goal,
integrate easily with existing plant programs and practices, and incorporate the wealth of plant
operating history and staff experience accumulated over the past 33 years. Plant and consultant
experience, INPO guidelines 123 , NRC documents45, and industry practices were used as
reference data sources. The process was first documented in the form of a program manual with
working-level instructions and then performed on two pilot systems. A relational database
application (i.e., PM Validation Workstation) was developed to emulate the process, enabling full
scope evaluation to proceed and providing the foundation for outlier evaluation and the living
program.
The PM optimization process contains the following elements:
•
•
•
•
•
•
•
•

3.1

System selection and prioritization
Data collection
System function review
Component criticality determination
Critical/non-critical component PM task evaluation
PM task change implementation
Outlier evaluation
Living program

System Selection and Prioritization

The selection and prioritization of plant systems to be included in the optimization effort was
performed by a panel comprised of experienced representatives from the System Engineering,
Probabilistic Risk Assessment, Safety and Licensing, Planning and Scheduling, Maintenance, and
Operations departments. Initial project scope included only those systems with PM tasks currently
in place, which represented 47 of the 55 plant systems. Four of these systems were subsequently
eliminated from further consideration after the panel determined they were functionally
insignificant with respect to plant availability and safety. The remaining 43 systems then were
prioritized based on functional importance, potential resource impact that PM program changes
could have on the upcoming refueling outage, PRA significance, and component accessibility
while at power.

The evaluations were performed on a system basis with the boundaries determined by the
equipment database and the existing set of PM tasks. This information was used to generate a
preventive maintenance equipment list (PMEL) for each system. The purpose of the PMEL was
to identify every component within a given system that was addressed by a PM task. The PMEL
served to fix the scope of the initial evaluation effort. In addition, it provided a means to track
components added to the PM program during the outlier evaluation.

3.2

Data Collection

A thorough search, collection, and review of plant data was essential for performing the various
stages of the PM optimization effort. This was very time intensive due to the volumes of
information and the hard-copy format of most data. Data used in support of the process included
system descriptions, Technical Specifications, P&IDs, industry experience, PM-related
commitments, vendor information, insurance requirements, maintenance history, current PM
tasks, predictive/performance monitoring activities, surveillance tests, operator rounds, and
information gleaned from staff interviews. Information directly applicable to the PM optimization
effort for the system was collated by component ID and entered into the PM Validation
Workstation.

3.3

System Function Review

Prior to determining individual component criticality, critical system functions were reviewed
using system descriptions, final hazards summary report (FHSR), system Q-list, and plant
technical specifications. Once reviewed, the critical system functions and associated references
were not formally entered into the PM Validation Workstation. The intent of this effort was to
identify or review specific system functions in preparation for performing the FMECA on specific
components within the system. Since each FMECA received an independent technical review by
an individual with significant plant experience, there was no benefit to be gained from
documenting the system functional review process. In any case, the reference information used by
the evaluator was readily available and known to the FMECA technical reviewers. Thus, formal
documentation was deemed unnecessary at this stage. This was a significant departure from the
classical RCM approach in which system functions and references are documented in detail. This
departure was necessary, given the need to proceed as quickly as possible with task analysis, and
was made possible by a relatively simple plant design and experienced plant staff.

3.4

Component Criticality Determination

The relative importance or criticality of the systems' components was determined using failure
mode effects and criticality analysis (FMECA). The FMECA was performed by first determining
the function of the component or component group and then assigning all potential failure modes.
A failure mode reference table was developed to ensure consistency. Following failure mode
assignment, a concise description of the component's failure effect(s) was documented for each
failure mode. Failure effects determination, which required an understanding of critical system
functions, was augmented with interviews of plant staff with expert knowledge in the operation

and maintenance of the plant, as well as its accident and transient response characteristics. The
FMECA determined for each component in the scope of the evaluation whether critical failure
modes were present that could challenge or otherwise jeopardize system functionality. Where a
determination of criticality was made, the component and associated PM tasks were evaluated for
task optimization. For those components without critical failure modes, a non-critical task
evaluation was performed to determine whether the PM task should be deleted or revised.

3.5

Critical/Non-Critical Component PM Task Evaluation

The evaluation of PM activities associated with critical and non-critical components was conducted
using documented engineering judgment as facilitated by a logic tree module in the PM Validation
Workstation.
The major areas of the critical component evaluation included maintenance history review, failure
cause assignment, vendor recommendation evaluation, PM task evaluation and selection, task
basis documentation, and task change justification.
Maintenance history review for each critical component was performed to determine the
effectiveness of the current PM task and to identify any additional failure modes that may have
been overlooked during the FMECA. Trends in particular failure modes and causes were
identified through the review of corrective work orders, corrective action documents, and staff
interviews. Staff interviews were conducted with associated craft and operational personnel to
gain additional insights with respect to any undocumented aspects of component performance.
Once the performance history of the component was understood and documented in the PM
Valir tion Workstation, PM task evaluation was performed.
PM task evaluation was performed by first assigning all historical and plausible failure causes to
each critical component failure mode(s). Failure causes addressed through performance of PM
tasks were compared against assigned failure causes to identify any discrepancies. When
discrepancies were noted, the associated components became candidates for PM task addition or
modification in order to defend against the unaddressed cause(s). This reconciliation process was
performed as part of the logic tree analysis (LTA).
Using LTA, the most cost-effective and applicable PM tasks for the identified failure modes and
causes were determined. Logic tree analysis is a structured decision process that guides the
analyst in task evaluation while ensuring an appropriate measure of consistency. The LTA
process results in a documented determination of task applicability and appropriateness, as well as
whether a change is warranted. LTA can also result in a recommendation to run-to-failure or to
implement a design change when the failure causes cannot be defended against in the current
system or component configuration. In addition, LTA contains a branch that leads to
reconc liation of licensing commitments and vendor PM task recommendations. In the PM
Validation Workstation, the LTA module was designed to automatically document, in summary
form, the results of each branch of the logic tree. The analyst then documents the PM task basis
and change justification, as appropriate, in the Workstation. The PM task basis is a concise
statement that clearly defines why the PM task is being performed. Failure modes and causes
being addressed by the PM task are identified along with references to applicable testing

standards, commitments, and vendor recommendations. The PM task change justification
summarizes the information used to determine that a PM change is necessary. This includes
reference to the evaluation of maintenance history in which additional failure causes had been
identified or applicability of a predictive technology for replacement of a time-directed task. The
task basis and change justification provide a documented and retrievable technical basis for each
PM task to support ongoing monitoring of PM program effectiveness.
The non-critical component evaluation was performed using a non-critical logic tree analysis
(NCLTA). The NCLTA module is a structured decision process used to determine if the subject
PM task is a candidate for deletion. In this evaluation, maintenance costs associated with the runto-failure option are considered and credit is taken for component redundancy, where possible.
NCLTA results are similar to the LTA results in that the basis for any retained PM tasks are
documented, along with the basis for task deletion and revision.

3.6

PM Task Change Implementation

Prior to implementing recommended PM program changes, evaluation results were reviewed by
the appropriate craft discipline and system engineers. Following technical review and resolution
of any comments, a steering committee comprised of System Engineering, Probabilistic Risk
Assessment, Safety and Licensing, Planning and Scheduling, Maintenance, and Operations
department representatives reviewed and approved each task basis and change justification. As
each set of tasks associated with a specific system cleared this review cycle, the task changes were
made available for implementation. An implementation tracking module in the PM Validation
Workstation was designed to track implementation status of each PM task change recommendation
and provide an immediate, on-line means of determining its' status. As changes were
implemented and reflected in the automated maintenance management system (the plant's PM task
instruction and scheduling database), the PM Validation Workstation was updated to reflect this
information in the implementation tracking module.

3.7

Outlier Evaluation

To ensure that all critical plant functions and related components were included in the scope of the
PM program, a screening methodology was applied to those components that were not addressed
by a PM task. The purpose of this screening process was to identify functionally significant
components, while eliminating those components considered inherently reliable or functionally
insignificant from further consideration. Using the PM Validation Workstation, an automatic
comparison of the preventive maintenance database and the equipment database was performed for
each system. This generated a list of components that were currently not addressed by a resident
PM task. A screening methodology was then applied to the list to determine significance and to
identify components that could be eliminated from further consideration. The basis for
eliminating components was documented in the PM Validation Workstation. At the end of the
screening process, only functionally significant components that lacked an associated PM task or
failure-finding activity (e.g., appropriate surveillance test) remained. These remaining
components were termed "outliers." Following an internal review and approval of the outlier list,
each outlier component was analyzed on the Workstation in a manner similar to that described in

the previous sections. The outlier evaluation process results in the addition of appropriate PM
tasks for functionally significant components not previously addressed in the PM program. In
addition, the outlier screening process provides a documented, comprehensive picture of all the
PM tasks and failure-finding activities being performed on the various components in each system.

3.8

Living Program

Transition to a living program occurs as each existing or new PM task is evaluated, approved, and
implemented. By continuing to enter pertinent information (e.g., on-going maintenance history,
corrective action history, changes in vendor recommendations, etc.) into the Workstation, the
necessary data for performing an annual PM task review is provided. The Workstation will
enable system engineers to periodically evaluate PM tasks associated with their assigned systems
in a timely and cost-effective manner. Where "triggers", such as corrective maintenance or
component failure are encountered, the need for task re-evaluation is considered and performed, if
required. The periodic PM task review process is documented on a system-level basis which,
when combined with other system-level reviews, leads to a comprehensive picture of the overall
PM program. This review process aligns well with Maintenance Rule requirements that call for
the periodic review and assessment of PM program effectiveness.

4.0

PROGRAM RESULTS

Actual program development began January 25, 1993 with the formation of the PM Validation
project team and development of an optimization process. Two pilot systems were selected for
evaluation to test and refine the process, following which it was emulated in a relational database
(PM Validation Workstation). By midsummer, the Workstation was up and running in a
production mode and several systems had been evaluated. To support the full scale evaluation
effort, three of the six project team members were assigned specific data collection and entry
duties on a full time basis, while two team members performed FMECA and PM task analysis.
The sixth team member was responsible for overall management and coordination of the project.
By December 1993, PM optimization was essentially complete with all 43 systems evaluated and
38 of those approved through the steering committee. Of the 2500 PM tasks evaluated, 91 tasks
were recommended for deletion, 16 tasks were recommended for addition, and 174 tasks were
recommended for revision. By early January 1994, over half of the changes had been
implemented with work continuing towards complete implementation by December 1994.
Overall, the optimization process proved to be a very effective means of documenting the
technical basis for the PM program, as well as reconciling current PM tasks against vendorrecommended tasks and PM-related regulatory commitments.
Optimizing the existing PM tasks is expected to generate a savings of approximately $400,000 in
1993 dollars over the next six years. A six-year basis in performing the economic analysis was
used since Big Rock Point's operating license expires May 31, 2000. The analysis calculated
savings associated with avoided labor, dose, and replacement part costs for tasks that were deleted
and tasks whose frequencies were extended. Work order processing and operator
switching/tagging was not included in the cost analysis. This projected savings was then offset by
calculating the cost of adding tasks and shortening task frequencies.

The final projected cost savings over the next six years are somewhat less than the first year cost
associated with developing the Workstation and evaluating the PM tasks (approximately
$500,000). Over a longer payback period, such a project would obviously yield greater direct
cost savings however, the cost benefit of this project cannot be evaluated only in terms of tangible
cost savings. A more comprehensive cost evaluation would have to include subjective and
intangible benefits such as increased reliability, avoided plant outages, and the avoided costs
associated with increased regulatory scrutiny. One measure of the PM Optimization program's
success was evident during a February 1994 NRC evaluation of maintenance and engineering
activities at Big Rock Point. After reviewing the optimization process and database, the NRC
considered the program to be a strength. This was in contrast to their opinion eighteen months
earlier when they expressed concerns regarding the content and adequacy of the PM program.
In January 1994, the focus of the PM optimization effort shifted to the outlier evaluation and
living program processes. A total of fifteen plant systems were screened after a one man-month
effort. As a result, over 200 outlier components were identified and are currently being evaluated
on the Workstation to determine the appropriate PM task. The implementation of these tasks are
expected to help preclude age-related failures and improve system reliability over the remaining
years on the plant operating licensing.
In transitioning to a living program, BRP is continuing to enter pertinent data into the PM
Validation Workstation. System engineers are expected to be frequent users of the Workstation
since it documents over five years of maintenance history and thirty years of corrective action
history, as well as licensing/insurance commitments and vendor recommendations. In addition, it
provides the ability to search and collate records in a variety of ways to support engineers in
performing root cause analysis and in demonstrating PM program effectiveness during internal
and external audits.

5.0
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INTRODUCTION

In 1987, Hydro-Quebec embarked on an ambitious development program to provide the Gentilly 2
nuclear power station with an effective and practical Reactor Building Integrity Test.
In October 1992, Hydro-Quebec performed the inaugural low pressure 3 kPa(g) nominal
Containment Integrity Test (CIT) at 100% F.P. The test was conclusive and the CIT System, was
declared In-Service for containment integrity, verification on-line. Three subsequent CIT System
tests performed in 1993 have demonstrated the expected leak rate results and good system
reliability. The outstanding feature of the CIT system is its demonstrated accurary of better than
5% of the measured leak rate.

The CIT System was developed with the primary goal of demonstrating "overall" containment
availability. Specifically it was purported to detect a leak or hole in the "bottled-up" Reactor
Building greater in magnitude than an equivalent pipe of 25 mm diameter.

The Gentilly 2 CIT employs an innovative approach based on the Temperature Compensation
Method (TCM) using a reference volume. The reference volume is composed of an extensive
tubular network of several different diameters. This eliminates the need to track numerous
temperature points. A second network includes numerous air sampling points thereby enabling
the measurement of minute pressure variations of the Reactor Building independant of the spatial
and temporal humidity behaviour.

This configuration has been demonstrated at both high and low test pressure. The Gentilly 2
design allows the CIT to be performed at a nominal 3 kPa(g) test pressure during a (12) hour
period (28 hours total with alignment time) with the reactor at full power. The Reactor Building
Pressure Test by comparison, is typically performed at high pressure (124 kPa(g) in a (6) day
critical path window (8 days total with alignment time) during an annual outage.

The high precision of the Gentilly 2 CIT and the stable Reactor Building leak characteristic permit
extrapolation of the CIT leak rate result to an equivalent Reactor Building Pressure Test leak rate.
Continued demonstration of the precision and feasibility of this extrapolation should constitute
sufficient grounds for the reduction of the Reactor Building Pressure Test frequency. However
several years of CIT System operation are required in order to confirm the long term stability of
the Reactor Building characteristic.
This paper provides a general review and overall assessment of the Gentilly 2 CIT System to the
end of May 1994. In addition the Safety and Licensing implications are examined in light of the
current regulatory position.
In conclusion the actual performance of the CIT System allows Hydro-Quebec to claim a
significant advance in Reactor Safety.
1.

Hydro-Quebec is able to identify a level 3 impairment of containment (>5% Vol/day)
using the on-line CIT.

2.

Hydro-Quebec is able to monitor the degradation of containment between Reactor
Building Pressure Tests.

TEMPERATURE COMPENSATION METHOD SYSTEM PRINCIPLES

General Description
The Gentilly 2 TCM System can be employed at any test pressure. The rapidity and high
precision of the TCM System has, in fact, allowed it to replace the classical method as the primary
measurement system employed during the reactor building Pressure Test.
The originality of the Gentilly 2 'TCM System" Integrity Test stems from the:
-

low test pressure of 3 kPa(g)
reference volume or "temperature" tubular network
humidity sampling tubular network
"known leak rate" test validation procedure
on-line computerized leak rate determination with on-line bounding error analysis
extrapolation capability to allow estimation of the leak rate at 124 kPa(g)

Temperature compensation
The extensive "tubular network" reference volume enables the determination by analogy, of the
"equivalent" or "weighted" reactor building temperature. The reference volume simulates the
overall reactor building behaviour and allows the leak rate determination to be independent of
reactor building temperature fluctuation.
The ideal gas law can be used to show that when a confined mass of air in a leak tight reference
volume is itself contained in another fixed volume of air, the differential pressure is independent
of temperature. However the geometry of the reference volume must be such that the two
volumes are characterised by the same temperature without delay. The appropriate reference
volume was obtained at Gentilly 2 by installing a leak tight network of about a kilometre of copper
tubing throughout all significant volumes of the entire reactor building.
The tubing is dimensioned and routed such that the reference volume fraction contained within
each room is proportional to the volume of the room.
The differential pressure between the temperature tubular network and the reactor building
constitutes the critical process variable. The reactor building leak rate is obtained from a simple
linear regression of this process variable after application of several corrections. A crude test can
be summarised as follows:
1.

The leak tightness of the temperature tubular network is verified.

2.

The tubular network and the reactor building internal pressures are equilibrated and then
isolated from each other.

3.

Any decrease in the differential pressure can be directly related to the reactor building
leakage since the tubular network continuously replicates the overall reactor building
temperature.

Pressure Drop Purina Test
A major difficulty of a low pressure test is the extremely small pressure drop observed. During an
eight hour Integrity Test performed at 2.75 kPa(g), a typical pressure drop could be 0.043 kPa(d).
The equivalent pressure drop during an eight hour Pressure Test at 124 kPa(g) is 0.376 kPa(d).
These figures assume a 0.5% of reactor building volume per day leak rate and 100% turbulent
flow.

Vapour Partial Pressure
The precision of the TCM System is highly dependent upon the time behaviour of the reactor
building vapour pressure and its spatial distribution. This is further complicated by any
perturbations experienced during the test period.
Gentilly 2 uses a distributed tubular network sampling circuit with two hygrometers to obtain the
"weighted" reactor building dew point measurement. The copper tubing network is sized, routed
and designed with orifice flow control to insure the intake of the correct amount of air from each of
the (11) reactor building zones defined for "weighting" purposes. The circuit also consists of a
suction pump and flow-meters for verification of the loop calibration.

Barometric Pressure Variation
The atmospheric pressure represents an independent variable and may vary dramatically during
the test period. It is possible that the positive differential pressure of the reactor building with
respect to the atmosphere (which governs the leak rate) may be reduced by as much as 50%
during the test as a result of a weather perturbation.

Test Validation Bv A "Known" Leak Rate
In order to verify each specific Integrity Test result, a post-test validation procedure was
developed. A "known" leak rate of magnitude comparable to the "unknown" leak rate, is
superimposed upon the latter directly upon conclusion of the "unknown" leak rate measurement.
This procedure uses an artificially created "known" leak rate which, by aid of a high precision
flowmeter, allows validation of the TCM System methodology and the particular test set-up. The
magnitude of the error between the two values of the "known" leak rate conservatively estimates
the maximum possible error associated with the CIT leak rate result.

VARIABLES CRITICAL TO THE CONTAINMENT INTEGRITY TEST
The meaningful interpretation of the minute pressure drop experienced during the test, imposes a
heavy burden upon the TCM System. Hence the system and its components must be engineered
to exacting precision requirements. Moreover they must maintain their performance during
process perturbations due to mother nature and the reactor building environment.
The behaviour of reactor building humidity plays a major role during the Integrity Test. During the
June 1989 test, under ideal conditions, the dew point increased from 4.5 to 5.0°C. The increase
in vapour partial pressure of 0.8653 to 0.8959 kPa represents a factor of three over the test
pressure drop of 0.00937 kPa. Hence a precise determination of average reactor building
humidity and its variation in time and space is critical to the Integrity Test. The humidity and
temperature mapping exercise conducted during the 1990 annual outage has confirmed the
ability of the humidity sampling tubular network layout to adequately track reactor building
humidity. A detailed error analysis indicates that the humidity sampling circuit placed 3.2% error
upon the leak pressure drop.
The temperature tubular network is required to track the average reactor building temperature and
its variations in time and space in order to provide a significant leak pressure drop. Field data has
confirmed the temperature gradients in time and space to be negligible. Reactor building
conditions, off-line, are very stable.
The (3) reactor building instrument air tanks varied in pressure between 815.86 kPa and 816.33
kPa over a 6 minute period during the 1990 test (using a special Instrument Air System
configuration). The air exchange with the reactor building environment produced an error of 1.3%
on the leak pressure drop.
The pressure and differential pressure measurement errors are of minor significance.
Any increase in the atmospheric pressure during a test is reflected by a decrease in the test
differential pressure. A 1 kPa increase produces a 20% decrease in leak pressure drop and an
amplification (a non-linear increase) of the relevant TCM System component errors.

CIT ON-LINE AT 100 % F.P.

The primary goal of the Containment Integrity Test development program was to provide an "online" leak test capability. The TCM System has been demonstrated on numerous occasions to
fonction reliably with high precision with the reactor in the (GSS) cold garanteed shutdown state
during annual outages. However several additional difficulties were hurdled in order to prove the
feasibility of the CIT at full power.
It is not possible to fully isolate several process gas system inside the reactor building at power.
Hence gas leakage during normal operation from the various Reactor Auxiliary systems will
contribute to the existing water vapour partial pressure. These gases include helium, carbon
dioxide and nitrogen. The resulting contribution has been shown to be minor less than 2% of the
CIT leak rate.
The reactor building temperature distribution "on-line", is governed by the hot PHT System and
differs greatly from the cold outage condition. It is also less uniform. However CIT data indicates
that the temperature remains relatively stable "on-line" and does not affect the TCM System.
However it is important for CIT precision to avoid temperature upsets in the R/B due to loss of
cooling water to the LACs.

CIT RESULTS TO JUNE 1994

Table I summarizes all available TCM System results including the CIT results to the end of
septembre 1993.
Figure 4, presents the CIT results as a function of time. It is clear that the cold off-line CIT
provides a reliable and precise measurement of R/B leakage at a nominal test pressure of
3 KPa(g). The maximum error is conservatively estimated at 15 %.
The feasibility and precision of the on-line CIT has been demonstrated. However, it appears that
a hot heat transport system, reactor power and containment bypass by a process system
contribute to the higher observed on-line CIT leak rate results. It is known that the June 1993 CIT
result of 0.305% V/D is upperbound. A containment bypass to the Spent Fuel Dischange Bay
(SFOB) due to a value alignment discrepancy has been uncovered.
It is reasonable to expect that these issues will be resolved as more on-line CIT experience is
gained. The upcoming October 1993 on-line CIT will examine the question of leakage to the
SFDB in more detail.

INTEGRITY TEST LEAK RATE EXTRAPOLATION TO 124 kPa(g)

The secondary goal of the CIT program was to study the possibility of deriving a meaningful leak
measurement from the CIT result which can be directly compared against the Pressure Test
criteria (eg: 0.5% of reactor building volume per day at 124 kPa(g).
A complex non-linear extrapolation equation is required to transform a low pressure test leak rate
to the equivalent result for the nominal Pressure Test conditions. This equation is heavily
dependent on the "R|_" factor which represents the ratio of laminar to turbulent flow. Reactor
building leakage is characterized by a combination of turbulent and laminar gas flow. This factor
is dependent on the nature of the reactor building, its condition as well as the actual test and
extrapolation pressures.
The leak rate extrapolation ratio between the 3 kPa and 124 kPa nominal test conditions varies
from 8.5 for purely turbulent flow to 71.7 for purely laminar flow. The extrapolated leak rate error
depends heavily on the uncertainty of the "R|_" factor. The extrapolated leak rate percentage
error is roughly equivalent to the "Ri_" percentage error for purely turbulent flow. However, this
error ratio increases tenfold for purely laminar flow.
In order to precisely quantify the turbulent component of "R|_" and to identify its time-dependent
nature. A series of leak rate measurements at various pressure hold points were incorporated
into the 1990 and 1993 R/B Pressure Test.
Figure 5, represents leak rate data collected at the pressure hold points during the 1990 and
1993 R/B Pressure Tests. This preliminary information supports the premise, that the R/B leak
characteristic is stable and permits extrapolation of the CIT result to the Pressure Test value.
However, the data base must be expanded to demonstrate the correlation conclusively and its
time dependant nature.

CIT SAFETY AND LICENSING IMPLICATIONS

Figure 6 presents the Gentilly 2 R/B Pressure Test results over time.
The AECB criteria for a acceptable R/B Pressure Test is the design limit of 0.5% Volume per day.
Hydro-Quebec interprets this criteria to exclude leakage to the SFDB. This position is based on
the installation of the SFDB Air Return System and analysis confirming SFDB integrity during the
postulated design basic events.
It is noted that the degradation rate of containment performance (with and without SFDB leakage)
has been reduced significantly by the R/B liner painting program.
Figure 7 provides a graphical representation of the containment impairment criteria applied at
Gentilly 2 by Hydro-Quebec. Note that a level 2 impairment requires reactor shutdown within
(8) hours should immediate repair not be possible. Level 1 impairment requires reactor
shutdown within (4) hours. Level 3 impairment imposes the requirement of containment repair at
the next planned reactor shutdown.
Figure 7, also indicates that the CIT acceptance criteria is able to identify a level 1 impairment.
However, the CIT criteria will not identify a level 2 or 3 containment impairment (eg: a leak rate as
high as 30.4 % V/D).

CONCLUSIONS

The Gentilly 2 CIT has been conclusively demonstrated with the reactor "off-line". It is capable of
measuring the reactor building leak rate at a nominal test pressure of 3 kPa(g). The error
associated with this measurement has been confirmed to lie well within a band of ±15% under
typical test conditions. The available data from the "known" leak rate validation procedure
suggests that the actual error is less than ± 5%.
The original Integrity Test objective was to detect a leak corresponding to an equivalent pipe of 25
mm diameter. This objective has been attained with remarkable results. The Gentilly 2 Integrity
Test is able to detect a leak corresponding to a 2-3 mm diameter pipe, with high precision in a
relatively short test period.
The "on-line" CIT has been demonstrated several times. However more experience is required
with the on-line CIT in order to establish the precision and true significance.
However it is reasonable to conclude from the available on-line CIT data that the TCM System will
procure (2) significant advantages to Hydro-Quebec in the near future.
1.

Hydro-Quebec will be able to use the on-line CIT to identify a level 3 impairment of
containment.

2.

Hydro-Quebec will be able to use the on-line CIT to monitor the degradation of
containment between R/B Pressure Tests.

In the longer term it is expected that a direct extrapolation of the CIT result to the R/B Pressure
Test value will be possible.
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DNGSA Unit 3 Test Program - Low Frequency Pressure Pulsations
and Pressure Tube Fretting
Jason Pascoe
RSOAD; Ontario Hydro

,.

During Phase II of the Darlington NGSA Unit 3 test program it was found that motion of the
inlet bundle in selected channels exhibited aperiodic high amplitude low frequency components.
These low frequency components were seen in two forms. In the case of channel H21, periods
of quiet, characterized by higher frequency low amplitude changes in velocity are broken by
bursts of aperiodic large magnitude changes in velocity . In the case of P19 the quiet periods
are interrupted by bursts of periodic large amplitude low frequency changes in velocity.
The driving function for these motions was found to be low frequency ( < 10 Hz) aperiodic
pressure pulsations originating in or near the headers.
The mechanism for the production of the pressure pulsations is believed to be amplitude
modulation of the turbulence generated at the header/feeder connection by vortices created at the
pump turrets.
Pressure measurements made in each of the four inlet headers provided a distribution/amplitude
map for the low frequency pressure pulsations. These maps were then correlated with the rosette
locations of channels that had fretting depth measurements. A high degree of correlation was
found between channels having exposure to the low frequency pressure pulsations and fretting
in excess of 40 microns.
1.0 Introduction
On November 30 1990, during a routine fuelling operation on channel N12 at DNGSA, the
channel closure and shield plugs were removed and the empty fuel carrier was advanced into
the inlet end fitting. At the outlet end of the channel the fuel carrier containing two irradiated
bundles for recycling stalled short of its home position as it was advanced into the outlet end
fitting. After attempting to advance the ram and the recycled bundles under considerable force,
the front face of the bundles remained roughly four inches short of the fuel latch.
At this point the fuelling operation was aborted and the fuel carrier was retracted from the outlet
end fitting. The magazine was rotated with some difficulty. However, during insertion the shield
plug stalled short roughly one bundle length and the closure plug could not be reinstalled. There
were indications of debris at the outlet end fitting and both the Gaseous Fission Product monitor
and heat transport system chemical analysis indicated damaged fuel.
Once the fuelling machine was disengaged a maintenance cap was placed on the East end of
N12. When the fuelling machine returned to the Fuelling Facilities Auxiliary area on January
4 1990, the carrier containing the recycled bundles were discharged to the Irradiated Fuel Bay
and fragments of fuel elements from the bundle in position 1 of N12 were found. That these
fragments were not from the recycled bundles was confirmed by inspection with a underwater
camera in the fuel bay. Once Unit 2 had been shutdown, in-reactor inspections of select bundles
in position 1 were carried out with CIGAR video camera inspection equipment Cracks in the
endplates of some bundles were subsequently discovered.
By April 1991 channels that were found to have bundles with cracked end plates were defueled
and video inspection found evidence of extensive fuel wear and damage that included multiple
cracks, heavy spacer sleeve interaction (SSI) wear on outboard bearing pads of outlet bundles,
varying degrees of inter-element spacer wear and end plate impression wear along the fuel
strings. The finding of extreme bearing pad to spacer sleeve wear for bundles in position 13
resulted in further CIGAR inspections. This inspection established that pressure tube fretting had

occurred.
To determine the root cause of the end-plate cracking and pressure tube fretting an extensive
program was initiated involving in-reactor testing and out-reactor experiments unparalleled in
scope. Extensive in-reactor measurements revealed pressure pulsations at the pump vane passing
frequency in the reactor inlet headers. It was also demonstrated that these pulsation were
amplified in the reactor piping and that they were the cause of the end-plate deflections and
subsequent fatigue failures and the axial motion of the inlet bundles that resulted in the excessive
pressure tube fretting observed in some channels.
Replacement of the five vane PHTS pump impellers with ones having seven vanes shifted the
vane passing frequency from ISO Hz to 210 Hz - a frequency that was not amplified by the
reactor piping at normal operating conditions. Both in-reactor and out-reactor testing verified a
significant reduction in end plate deflection and axial and transverse motion of the inlet fuel
bundle. With such a reduction in the pressure pulsations at the vane passing frequency attention
shifted to lower amplitude pressure pulsations at the lower end of the frequency range.
How these low frequency pressure pulsations were discovered, their effect on the inlet fuel
bundle and their possible role in pressure tube fretting is discussed in the next sections.
2.0 In Reactor Measurement and Data Analysis
The DNGSA Unit 3 test program was executed in two phases; Phase I covered heat transport
system characterization during 5 vane impeller operation (150 Hz) and phase II covered 7 vane
impeller operation (210 Hz). Coincident with the Unit 3 test program was a 10 day seven vane
zero power hot operation experiment conducted on Unit 1 that provided further information on
pressure tube fretting. At the conclusion of the Unit 3 test program, Unit 3 was run for 40 days
under Zero Power Hot (ZPH) conditions and after which extensive inspections and castings were
taken to quantify the extent of pressure tube fretting. In addition examination was made of
selected pressure tubes after each phase of the Unit 3 test
The instrumentation used for Phase I and n was largely the same with changes made necessary
by the shifting of acoustically active channels with the change in blade passing frequency. There
were also modifications made to improve the response of some instruments - most notably the
bi-axial accelerometers.
Fast Acting Pressure Transducers (FAPT's) were used to ascertain the frequency content of the
pressure in the reactor headers and selected feeders. Fuel channel and fuel string dynamics were
measured with five types of instrumentation. Those of relevance to this discussion were the
Linear Voltage/Displacement Transducers (LVDT's) and the biaxial accelerometer.
The LVDT's were installed at the channel inlets (in the direction of flow) to measure the relative
axial displacements of bundle 13. These probes measure the relative displacement between the
inlet shield plug and the upstream face of bundle 13 rather than the actual sliding motion between
the fuel bundle and the pressure tube.
The biaxial accelerometers were installed on the upstream face of inlet fuel bundles in selected
channels. These accelerometers measure absolute vibrations with respect to ground and do not
provide a direct measure of the relative sliding motion between the fuel bundle and the pressure
tube.
The standard method of data collection used during the Unit 3 test program was to
simultaneously acquire 8 seconds of digital data, sampled at 1024 Hz, from all 224 sensors
placed in the heat transport system. For the next 12 seconds data acquisition was interrupted to
allow data storage, on-line processing and transmission of results to a user network. This 20
second cycle was repeated continuously during the duration of testing.

The other method of data collection used during the test program is of more relevance to the
analysis discussed here. Continuous time history recordings of 15 minutes in duration were also
taken during selected parts of the test program. Time domain analysis of this data led to the
discovery of unsteady, aperiodic "bursting" in a number of the inlet bundle fuel signals.
3.0 Inlet Bundle Motion
During Phase n of the unit 3 test program it was noticed that the inlet bundle motion, as
measured by accelerometer, exhibited high amplitude low frequency components. The time
history of the inlet bundle velocity for two of these channels, H21 and PI 9 are shown in Figures
1-4.
These low frequency components were seen in two forms. In the case of H21, periods of quiet,
characterized by higher frequency low amplitude changes in velocity (Figure 1) are broken by
bursts of aperiodic larger magnitude changes in velocity (Figure 2) that occur roughly every 10
seconds. In the case of P19 the quiet periods (Figure 3) are interrupted by bursts of periodic low
frequency changes in velocity with increased amplitude (Figure 4).
PI 9 was found to have Type 3 SSI (considered to be high) after the 10 day ZPH DNGSA Unit
1 test and H21 was found to have Type 3 SSI wear after Phase HA of the Unit 3 test program.
This observation suggested that there might exist a relationship between low frequency bundle
motion and fretting.
That these low frequency components could contribute to either bearing pad or pressure tube
wear was reinforced by an examination of the frequency content of die inlet bundle motion.
Figure 5 shows the total tangential bundle displacement per unit second in a particular frequency
bandwidth as calculated by integrating the appropriate filtered velocity time series for all channels
instrumented with accelerometers in Phases I and n. The motion in each bandwidth is given as
a percentage of the total motion over the frequency range from 0 - 215 Hz. The large response
in the 50 - 70 Hz bandwidth has been attributed to vibration of the accelerometer mounting.
This Figure also reveals that along with P19 and H21, J06 and K12 (5 vane) also show a large
percentage of the total tangential motion occurring between 1 and 5 Hz. This is significant, as
J06 had Type 3 SSI after the Unit 1 - 1 0 day 7 vane test In addition J06 and P19 showed 32
and 15 microns of pressure tube wear, respectively, after the Unit 3 test As well, a substantial
percentage of the total inlet bundle motion for channel H21 also originated with the 5 - 8 Hz
bandwidth.
Channel K12 in Phase I showed 12 % of the total bundle motion arising from the lower
frequency components, while in Phase n , these components accounted for approximately 3%. The
vane passing frequencies on the other hand accounted for 32 % and 20 % in Phase I and Phase
n respectively. The frequency bandwidth from 5 - 8 Hz contributed a further 6% in Phase I.
In Phase I, then, fully 50% of the total inlet bundle motion for K12 originated with the lower and
vane passing frequency bandwidths. Inspection revealed severe wear in this channel.
The relative contributions of the frequency bandwidth did not change appreciably for channel
N13 from Phase I to Phase n. After the 40 day Unit 3 endurance test N13 was found to have 15
um of pressure tube fretting depth. This is consistent with the 40 um found in Unit 2 for a
bundle 13 residency period of 125 days. In general the SSI wear (up to 14 um of bearing pad
wear) and pressure tube wear for this channel was light and seemed to remain constant for 5 and
7 vane pump impellers. Note that the inlet bundle response in the low frequency bandwidth was
small and somewhat larger at the vane passing frequency for both Phase I and IL
P06 and P19, which are sister channels, display significantly different behaviour. Both in the low
frequency bandwidth, as well at for the vane passing frequency. P06 has been found to be
relatively wear free with only Type 2 SSI (3 um depth) having been found in Unit 1.

Channel K04, like N13 derives a major proportion of total bundle motion from the 11 - 20 Hz
and the vane passing frequency bandwidths. Similarly, it exhibited light bearing pad (14 um of
depth) and pressure tube wear - approximately 25 um after the Unit 3 endurance test.
Based on DNGSA Unit 3 results, there would appear to be a relationship between low frequency
bundle motion and higher pressure tube fretting. If in addition, there is a response at the vane
passing frequency as in K12 PI and K04 PII, the fretting would seem to be enhanced.
3.1 Low Frequency Pressure Pulsation In DNGSA Unit 3 Channel R13
Having noticed an apparent correlation between the presence of low frequency components in
accelerometer measurements and higher pressure tube fretting, a search was begun to further
characterize these components and to determine their origin. Figure 6 shows four periods of
"bursting" in R13 inlet shield plug pressure and inlet LVDT as measured in Unit 3 (phase II) at
265 C. R13 is a channel whose feeder is connected close to the outboard turret of RIH4 and was
instrumented with inlet feeder and inlet shield plug pressure taps in Unit 3. An accelerometer
was not mounted on the inlet bundle of this channel.
It is essential to note that these bursts are not due to beating. This phenomena involves two
waveforms having very similar frequencies combining in a third waveform that is amplitude
modulated with a frequency given by the difference of the frequencies of the individual
waveforms. The period from 34 to 36 seconds is typical of bursting in that it does not show the
sinusoidal shape that is characteristic of beating. In addition there are changes in the inlet shield
plug pressure of roughly 300 kPa in 1/5 of a second. The predominant frequency component in
the shield plug pressure is 8-9 Hz.
Also of note is the fact that the LVDT, which measures axial motion, is responding to these
pressure pulsations.
The inlet feeder of channel R13 had four pressure taps instrumented with fast acting pressure
transducers for both Phases of the test program. The first one was located at a position
corresponding to one-quarter of the wavelength of a wave having a frequency of 150 Hz (roughly
1.4 m) from the inlet header. Somewhat closer to the channel was a triplet of pressure
transducers used to measure both the direction and velocity of the pressure pulsations. Bursts
were seen in all four signals and closer inspection revealed the appearance of the burst at the
quarter wave tap before it was seen at the triplet. As well the time of flight of the burst was
consistent with a pressure wave travelling from the header towards the channel.
The time period around a burst can be analyzed by calculating Fast Fourier Transforms (FFT's)
using a moving window. This analysis showed that near a burst there is an increase in the
amplitude of the 2-3 Hz component prior to or coincident with a sharp increase in the amplitude
of the 8-9 Hz component ( to 35 kPa). Following the burst, the amplitude of the pressure
pulsations returns to the pre-burst level (10 - 15 kPa).
The bursting process, however, by its very nature is a non-stationary process and spectral analysis
will not reveal all of the details such as the fact that during a burst the inlet shield plug pressure
can change from -100 kPa to +100 kPa in less than a 0.1 second.
The significance of these low frequency pressure pulsations can be determined by establishing
a correlation between the pressure as measured at the quarter wave tap and the inlet shield plug
through the use of the crosscorrelation function.
The maximum in the correlation coefficient occurs for a positive lag indicating that the shield
plug pressure is following the quarter wave tap. The correlation between the signals is high
during the two periods in which the pressures peak at or near 100 kPa. After the burst the

correlation at frequencies other than those near 1 - 2 Hz is decreasing. During the burst the
cross-spectrum reveals peaks at 3 and 8 Hz.
Channel R13 was found to have 35 urn of pressure tube fretting depth after approximately 40
days of hot operation.
3.2 Low Frequency Pressure Pulsations As Measured In Unit 3 RIHs
In the previous section a causal relationship between the measured inlet shield plug and inlet
feeder pressures at low frequencies was demonstrated for R13. It was suggested that the common
frequency components in these signals originated near to or in the headers. Is there any evidence
of this in the Unit 3 test data?
Figures 7 and 8 show the amplitude/frequency content of the dynamic pressure measurements
made on RIH2 for Phase I and Phase n, respectively. These Figures and subsequent ones are
derived from eight one second averaged power spectral densities. The highest amplitude pressure
variations are found under the pump turrets, in both Phase I and Phase n.
What is strikingly different however, is the change in distribution of the frequency content from
Phase I to Phase n. For Phase I, the highest amplitude component with the exception of 30 Hz,
is 3 Hz and is found under the inboard pump turret In Phase n the peak frequency component
shifted from 3 Hz to 2 Hz and was found just inboard of the outboard turret There is also a
secondary peak at 4 Hz directly under the outboard turret
To see if this pattern of high amplitude low frequency pressure variations is common to all
headers the pressure/frequency structure of the other inlet headers was examined.
Figures 9, 10 and 11 show the amplitude/frequency spectra for headers RIH4, RIH6 and RIH8,
respectively. Note that pressure tap #1 (inboard) on RIH4 was non-operational for Phase I B of
the test program. These Figures reveal that RM4 and RIH8 are similar to RIH2, in that the
highest amplitude low frequency pressure variations are found under or near the outboard turret
RIH6, however, has a maximum at 2 Hz under the inboard turret and a maximum at 7 - 9 Hz
under the outboard turret RIH8 also has a maximum at 7 - 9 Hz but unlike RIH6, it occurs near
the inboard turret
The lack of an accelerometer on the inlet bundle of R13 during the second phase of the Unit 3
test program was unfortunate in that no direct comparison of pressure pulsations in the inlet
header and motion of the inlet bundle could be made. However, P19 which did have an inlet
bundle accelerometer exhibited similar features to R13.
The origin of and relationship to the inlet bundle motion, of the low frequency pressure
pulsations will be examined in the next section.
3.3 Low Frequency Pressure Pulsations in RIH2 and Channel P19
The feeder for channel P19 is connected to RIH4 near the outboard turret Figure 9 shows that
the 2 Hz and 3 Hz components of the local pressure reach a maximum near this location and yet
the pressure tube fretting in channel P19 after 40 days was only 15 urn, in contrast to the 35 um
measured in R13.
During Phase EB of the DNGSA Unit 3 test program, an accelerometer was mounted on bundle
#13 of channel P19. It is possible then, to gauge the effect of the low frequency pressure
pulsations on inlet bundle motion. Figure 12 shows the tangential component of the inlet bundle
velocity and the pressure at the tap closest to the feeder take-off for P19 (RDM Tap #3). There
seems to be little correlation between the pressure in the header and the bundle motion.

However, if the low pressure pulsations are generated at the feeder/header connection, they might
not be immediately obvious in the header pressure frequency spectrum. Unfortunately, P19 did
not have pressure taps in the inlet feeder. It did, however, have a pressure tap in the inlet shield
plug. Figure 13 shows the inlet shield plug pressure and tangential component of the inlet bundle
velocity during a burst in inlet bundle motion. Examination of this Figure reveals that while
there is no obvious relationship between the pressure and bundle motion, the burst from 0 - 4
seconds seems to have been preceded by an increase in amplitude of the higher frequency
component of the inlet shield plug pressure. The termination of the burst from 4 - 8 seconds
seems to correspond in an increase in the amplitude of the 1 Hz component of the inlet shield
plug pressure and a decrease in the amplitude of the higher frequency components.
The period shown in Figure 13 corresponds to a burst Analysis of quiet periods shows that even
though the 9 Hz component of the inlet shield plug pressure occasionally exceeds the value seen
during the burst, there is no corresponding response in the bundle motion.
Extensive time series analysis of a 15 minute block of data has revealed a pattern: the bursts are
initiated by an increase in the very low frequency components of the inlet shield plug pressure.
To verify the above proposition, the frequency spectra of the RIH pressure as measured by tap
#3 and the tangential component of the inlet bundle velocity can be obtained for the time series
shown in Figure 12. In general, the amplitudes of the low frequency components are quite low except for the 1 - 2 second period at the start of the burst During this time period only the 2
and 3 Hz components increase substantially in amplitude.
The corresponding frequency spectra for the tangential component of the inlet bundle velocity
shows an increase in the 2 Hz component during the same time period. The crosscorrelation
functions for same time period is significant This is further borne out in the header pressure bundle velocity cross spectra.
There is, then, in the relationship between the header pressure and inlet bundle velocity for P19
a significant correlation in the 2 - 3 Hz range and a lower correlation in the 8 - 10 Hz range.
3.4 Comparison Of R13 and P19 Inlet Shield Plug Pressure Behaviour
As was seen in the previous section mere were no appreciable frequency components in the P19
inlet bundle tangential velocity in the 8 - 9 Hz range. A correlation was found, however,
between the RIH pressure and the bundle motion at the lower frequency range ( 1 - 3 Hz).
In order to compare the observed P19 behaviour with that of R13, the relationship between the
inlet shield plug pressure and the inlet bundle motion was examined. Figure 14 shows the inlet
shield plug pressure and tangential bundle velocity in channel P19 during a burst In terms of
comparison to R13, the most noticeable feature is the relatively low amplitude of the pressure
variations.
Spectral analysis of the period shown in Figure 14 reveals that while the bundle velocity in the
2-3 Hz is relatively large, there is little or no response to the pressure variations at 10 Hz. It is
also apparent that the qualitative assessment of the pressure variations made on the basis of
Figure 14 are correct The maximum amplitude of the 10 Hz component is around 6 kPa - which
is substantially lower than the 35 kPa seen in channel R13. Similarly, the magnitude of the P19
inlet shield plug pressure components in the 2-3 Hz range of 3 kPa is considerably smaller than
that seen in R13 (30 kPa - Figure 6).
The crosscorrelation between the inlet bundle tangential velocity and inlet shield plug pressure,
shows that prior to the burst the correlation is marginal and occurs primarily at very high
frequencies. During and after the burst the correlation increases and reveals a low frequency
relationship between the pressure and bundle motion. The cross spectra of the bundle velocity
and inlet pressure, reveal the common frequency components to be in the 2-3 Hz range.

The inlet shield plug pressure behaviour of R13 and P19 differ in that the amplitude of the 2-3
Hz component is considerably lower in P19 (3 kPa) than in R13 (30 kPa). As well the P19 inlet
shield plug pressure 9-10 Hz component, is almost negligible in comparison to the magnitude
seen in R13.
However, even the low inlet shield plug pressures observed in P19 were capable of exciting the
bundle in the tangential direction. The influence of the higher amplitude pressure variations seen
in R13 could reasonably be expected to have a larger impact on the inlet bundle.
Figure 15 shows the 9 Hz component of the inlet bundle tangential displacement for consecutive
1 second blocks for the majority of channels having inlet bundle accelerometers. There is a great
deal of variability - particularly in the case of H21. Occasionally, the tangential displacement
for H21 reaches 35 urn.
Figure 16 shows the inlet shield plug pressure for Phase HB as derived from eight 1 second
averages. It should be noted that the 9 Hz component is large for channels H04, H21 and J20.
P06 also shows a large 1 Hz component
Therefore, it seems likely that these low frequency pressure components are involved in the high
degree of pressure tube fretting seen in channel R13.
4.1 Correlation Between Low Frequency Pressure Pulsations and Pressure Tube Fretting
The previous sections demonstrated that a correlation between low frequency pressure pulsations
and inlet bundle motion exists in the DNGSA Unit 3 test data. To determine if a correlation
between these low frequency pressure pulsations and pressure tube fretting exists, the pressure
amplitude distribution as a function of frequency, as shown in Figure 17 was obtained.
From Figure 17 it can be seen that headers RIH2 and RIH4 exhibit the highest amplitude for
pressure variations with frequencies of 1, 2 and 3 Hz, while headers RIH6 and RIH8 have the
highest amplitude 8 Hz and 9 Hz pressure variations.
Generally, the regions under or near the pump turrets have the highest lower frequency ( 1 - 3 Hz)
amplitudes. The inboard pump turret of RIH8 has the highest amplitude 8 Hz and 9 Hz
components which is where the feeder take offs for G05, J07 and G09, some of the most severely
damaged channels, are located.
To establish the correlation between low frequency pressure pulsations and pressure tube fretting
use will be made of Figures 1 8 - 2 1 , which show the pulsation amplitude for selected frequencies
as a function of distance from the inboard end of the header.
RIH2
Figure 18 shows the variation of the amplitude of the 2 and the average of the 1, 2 and 3 Hz
pressure pulsations across RIH2. Also shown on this Figure are representative wear depths for
channels on this header. Only one point for a given wear depth at a specific header location or
rosette is shown. A line has been drawn through the maximum wear depths at each header
location.
Clearly, there appears to be a similar trend between the maximums in the pressure pulsation and
pressure tube fretting depth. Also there is some indication that to exceed the 0.3 urn/day level
of wear observed in N13, the pressure pulsations must exceed 2.5 kPa.

RIH4
The low frequency pressure distribution and pressure tube fretting for RIH4 is shown in Figure
19. The pressure tap located near the inboard end of the header, pressure tap #1, was dead for
Phase II of the DNGSA unit 3 testing.
Once again, there is a similar trend between the maximum in the low frequency pressure
pulsation at the outboard turret and the heaviest pressure tube fretting. Note that the feeder for
020, perhaps the most severely damaged channel is on a rosette close to the outboard turret
As well, O20 has a inlet feeder diameter and flow rate similar to that of R13.
RIH6
Figure 20 shows the observed pressure tube fretting and low frequency pressure pulsation
amplitudes for RIH6. RIH6, in addition to the very low frequency components, has a peak in
the pressure pulsations at 8 Hz near the outboard turret The trends between the peaks in the
pressure tube fretting and the low frequency pressure pulsations is high.
Not shown on this Figure is the 9 Hz component By examining Figure 17 however, it can be
seen that there is a fairly substantial peak at 9 Hz near the inboard turret Channel K07 which
has deep pressure tube fretting, is located on a rosette near the inboard turret K07 has a flow
rate and inlet diameter and consequently flow velocity, which are similar to that of R13 and O20.
The sister channels P06 and P19, which are connected to headers RIH6 and RIH4, respectively,
showed different wear patterns. P06 showed only minor wear, which is consistent with the
relatively lower amplitude low frequency components in RIH6 near the inboard turrets.
RIH8
Channels G05, J07 and G09 are on rosettes near the inboard turret and have some of the deepest
fretting. J07 and G09 have similar flows and inlet feeder diameters to R13 and O20. Figure 21
shows that at the inboard turret there is a peak in the 9 Hz pressure pulsation component At the
outboard turret there is a peak in the 2 Hz component Channel Q10 is on a rosette near this
location.
4.2 Source of The Header Low Frequency Content
A number of FAPT's were installed in the pump discharge legs, as well as in the ECI and SDC
lines. Figure 22 shows the amplitude/frequency spectra for the pressure at the taps in the pump
suction, in the discharge legs closest to the ECI and SDC lines and in the lines themselves. As
expected, the largest amplitude for the frequency range from 0 - 30 Hz is the pump shaft
frequency: 30 Hz. What is surprising, however, is the asymmetry between the two legs: the ECI
line has a peak at 2-3 Hz, while the SDC line has a peak at 1-2 Hz.
The ECI line is connected to the outboard turret and has a diameter of 0.281 m, while the SDC
line is connected to the inboard turret and has a diameter of 0.189 m. The peaks in the SDC and
ECI line spectra at 2 Hz and 3 Hz might be due to vortex shedding at the ECI and SDC lines
giving rise to large scale turbulent eddies having a characteristic frequency given by (Reference
1 and 2):
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For the ECI line at full flow the turbulence generated frequency is 2.86 Hz and for the SDC line
it is 1.92 Hz.
These findings explain not only the presence of the 2 and 3 Hz components in the RIH pressure
spectra, but the asymmetry in the distribution as well. The associated amplitude of these pressure
fluctuations is given by (Reference 3):
P = 0 . 5 p l?mv

or in the case of full flow - approximately 3.2 kPa. This corresponds very closely to what is
measured in the pump discharge legs and in the ECI and SIX! lines but not to what is seen in
header RIH2 (5 kPa), where some amplification may occur.
Similarly, the header/feeder connection is a potential source of high energy turbulence that may
give rise to turbulent eddies having a frequency given by the above equation. For the distribution
of feeder diameters and flow rates found at DNGSA the range of turbulent eddy frequencies is
from 5 - 1 0 Hz. For example, the feeder diameter and flow rate for R13 yield an eddy frequency
of 9 Hz.
The origin of the low frequency components in the pressure spectra can be traced to vortex
shedding at the ECI line connected to the outboard pump turret for the 3 Hz component and to
turbulent eddy generation at the header/feeder connection of for the 8-9 Hz component
In channels such as R13, which are under or near a turret, the pressure pulsation generated by
turbulence at the header/feeder connection could be influenced or modulated by the vortices shed
in the ECI and SDC lines. A possible mechanism for the interaction of the 1-2 Hz and 8-9 Hz
and the generation of a high amplitude burst is discussed in the next section.
4.3 Intermittencv In Large Scale Turbulent Flows
Mollo-Christen (Reference 4) has pointed out that bursts of generation of turbulence involve a
local instability or a series of local instabilities of several scales with a strong nonlinear coupling
between the scales. The burst will be turned off by an exhaustion of the locally available large
scale energy and there will be a decrease in the time fraction occupied by bursting (intermittency
parameter - y) with the applicable flow stability parameter (Reynolds number). There will also
be a decrease in y with increasing range of scales of local instability.
The bursts themselves can be characterized by the intermittency factor, amplitude of primary
instability and secondary effect and by the frequency of the primary/secondary instability.
Turbulent bursts have two characteristic structures (References 5 and 6): "ejections" and
"sweeps". Ejections are thought to be vortex roll ups. That is vortices or eddies lifting up from
a surface or boundary layer. The sweep is thought to be a detached eddy seen downstream from
its point of creation moving towards the wall or surface. The ejection is typically associated with
bursting.
Morrison e t al. (Reference 7) have found that ejections and sweeps have characteristic vorticity

signals as shown in Figure 23. The measured signal in this Figure is the vorticity:

GO • curl

v

where v is the flow velocity. The work of Morrison et al. indicates that ejections and sweeps
will have distinctly different signals.
During a turbulent burst (Reference 4) energy is transferred from other scales of motion to the
scale or scales generated in the burst The transfer of energy is generally (but not always) from
large to small scales in three-dimensional turbulence (Reference 6). In two-dimensional
turbulence the transfer is from small to large scales.
The small scale bursts may occur preferentially at certain phases of the larger scales in which
they are embedded allowing work to be done through Reynold's stresses on the large scales. At
the same time the growth of the large scales causes the smaller scales to persist If the phase
relationship between the smallest scale instability and the large scale pressure pattern is right, the
pressure instability may grow.
There is also the possibility of coupling between the various sources of low frequency vortices.
It has been found mat the DNGSA seven vane PHTS pumps are a rich source of very low
frequency (approximately 1 Hz) pressure pulsations. In turn die SDC and ECI lines running off
the pump discharge legs are a source of 2 Hz and 3 Hz pressure components. The header vortex
shedding frequency is also on the order of 1 Hz. Clearly there will be some degree of coupling
or feedback between these sources of low frequency pressure pulsations.
It has also been shown that a further source of pressure pulsation is the creation of turbulent
eddies at the header-feeder connection which will have characteristic frequencies in the range
from 5 Hz to 10 Hz. It is proposed that there is a coupling between the very low frequency
pressure/flow pulsation generated in the header and the eddies generated in the feeders. Further
it is proposed that turbulent bursting in the header can amplitude modulate the feeder eddies
causing them to momentarily (intermittency factor) increase in amplitude to very large
amplitudes. These pressure pulsations in turn propagate down into the channels.
The mechanism by which the header (pump turret) vortices can amplitude modulate the level of
turbulence generation at the feeders is as follows:
i)

a vortex is shed (ejection) at the pump turret with a characteristic frequency (or
frequency bandwidth);

ii)

within this vortex is contained an appreciable amount of kinetic energy;

iii)

the vortex at some point along the header impacts on the header wall (sweep) and
dissipates;

iv)

the kinetic energy contained in the vortex is transferred into the local flow and a
pressure pulse is all that remains in evidence of the vortex;

v)

the energy absorbed by the local flow structure results in a local increase in the
flow turbulence at the header-feeder connection which in turn increases the
amplitude of the frequencies generated at this location.

It is noted at this point that there will be some flow component to these bursts. However, the
flow components will be localized in nature, as shown during the Unit 3 test program in N13.

Only the acoustic component of these bursts will propagate down into the channel where they
may cause bundle 13 to rock in the transverse direction.
6.0 Conclusions
Analysis of data obtained during the DNGSA Unit 3 test program has shown that large amplitude
aperiodic increases in the amplitude of pressure pulsations or bursts occur approximately every
10 seconds and last approximately 2 - 3 seconds (intermittency factor of 0.3). The energy for the
bursting arises in the PHTS pumps and there is coupling between the low frequency components
generated by the pump vortex shedding at the SDC and ECI lines connected to the pump turrets.
There is a relationship between the 1 - 3 Hz components generated by the pump/header coupling
and the turbulent eddies generated at the header feeder connection. Correlation analysis has
indicated a strong correlation between 1 Hz bursts in the header pressure and bundle response
as measured by accelerometer. The correlation between the 8 - 1 0 Hz pressure components and
inlet bundle motion is not as strong as the amplitude as measured in P19 was relatively low.
The amplitude of the 1-3 Hz and 9-10 Hz components are much higher in R13 than in P19 which
is coincident with the higher pressure tube fretting found in R13.
These observations are consistent with the fact that relative motion between the fuel bearing pads
and the pressure tube inner surface is necessary for fretting to occur. However, this low
frequency motion alone is not sufficient to cause the observed fretting rates. Therefore, it can
be concluded that the low frequency pressure pulsations appear to be associated with pressure
tube fretting as a necessary, but not sufficient, condition.
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SUMMARY
The Bleed Condenser (BC) is part of the Pressure and Inventory Control System. The Primary
Heat Transport System (PHTS) will transfer water to the Bleed Condenser via the PHT liquid
relief valves (LRV) every time overpressure occurs in the main circuit The BC is designed to
withstand full PHT pressure and is protected against overpressurization by two spring loaded
Relief Valves (RV).
Chattering of these relief valves was observed during commissioning tests in Darlington, when
opening of the LRVs pressurized the bleed condenser above the RVs set point The chattering
caused a drift in the valve setpoint and ruptured a pipe connected to the relief line. Similar
undesirable events were observed in Bruce NGS.
This paper presents the thermalhydraulic analysis of the system, during the above mentioned
event and proposes several possible solution to the problem. The computer simulation was
performed using the SOPHT code, developed by Ontario Hydro.
Considering the various limitations imposed by design on the relief valves and on the system,
the recommended solution is to prolong the valve closing time by 400-800 milliseconds.

1.0

INTRODUCTION

1.1

Safety Valve Operation

Spring loaded safety valves are designed to open at a preset upstream pressure, discharge a
defined flowrate at the relieving pressure and reset tightly. In the case of the Darlington BC relief
valves, the designed blowdown is 3%. The tightness condition on valve reseating is imposed by
the need to avoid the spilling of radioactive heavy water inside the boiler room.

1.2

Events Leading to RV25/26 Investigation

During a hydrostatic pressure test in Darlington unit 2, both bleed condenser RVs were heard to
chatter. The valves were found to be incorrectly gagged. The hydrostatic pressure test was
completed after the valves were correctly gagged. The valves were replaced due to a concern
that damage from chattering may have occurred, and the original ones were sent to Crosby Valve
Ltd for inspection.
In May 1988, a test was performed to demonstrate the capability of the PHT system to cope, at
approximately 260 °C, with a liquid relief valve (LRV) failed open. This test was terminated
when a tee in the bleed condenser relief line 3332-L17-D4NF1 failed. It was deduced that at
least one of the RVs opened during this event Confirmation of this deduction was not possible.
Following installation of a revised piping arrangement for the bleed condenser relief piping,
another test was performed in June 1988. This test was terminated when 63332-RV26 opened
at a pressure of approximately 8.5 MPa instead of its set pressure 10.272 MPa. Both RVs were
removed and sent to Crosby Valve Ltd (Ref 1).
Crosby Valve & Gage Company indicated that the inlet piping length was excessive and that they
were concerned about"... possible degradation to valve performance and its influence on valve
stability" (Ref 3).

1.3

Leakage from Relief Valves

Leakage across the seats (passing) of spring loaded pressure relief valves (RVs) with damaged
seating surfaces is unavoidable. From an overpressure protection point of view, spring loaded
relief valves are completely capable of satisfying design intent even when leakage occurs.

However, leakage of the bleed condenser relief valves is of concern since, under certain
conditions, D2O from the PHT may escape into the boiler room. Uncontrolled loss of inventory
from the heat transport system should be avoided.
Relief valve seat damage is normally caused by valve chatter between the seating surfaces. While
it is possible for seating surface defects to be caused by mishandling or warped seats, these
occurrences are of low enough probability to be neglected. Valve chatter is commonly caused
by one or more of the following: 1) Incorrect set pressure (or set pressure drift), 2) An oversized
valve, 3) Inlet piping resistance and voids, 4) Back pressure.
Relief valve set pressure drift cannot be detected while the RVs are in service. Set pressure drift
is thought to occur mainly after the relief valves open and then reclose due to spring hysteresis
and/or metal fatigue. Therefore it is important to recalibrate/test RVs for any suspected opening
event.
Valve chatter is nearly impossible to detect while the valve is in service because the duration of
chatter can be very short However, the resulting leakage from damaged seats can be detected
by the temperature switches and moisture detectors downstream of the valves.

2.0

SOPHT MODEL SIMULATIONS

2.1

Assumptions:

1.

The two relief valves RV2S & RV26 are modelled on the longest branch of the relief
piping tee. SOPHT limitations do not allow control operation of each valve individually
and the longest pipe length contributes the most to the chatter phenomenon.
It is assumed that RV setpoint drift during one chattering event is low enough to be
neglected.
The discharge piping downstream of the RVs discharges to ambient containment pressure.
The discharge piping is short and is assumed to have an insignificant effect on the RV
response.
A valve stroke time of 50 milliseconds is assumed, in most of the cases, for the relief
valves based on a typical response curve supplied by Crosby Valve Ltd and the stroke is
assumed to be linear with time (Ref 1).
Relief valve reseat pressure (blowdown) is assumed to be 0%, 3% or 5% below the
opening pressure.
In some cases various relief valve stroke times were assumed (ie between 25 and 500
milliseconds) to produce a sensitivity study.
All simulations assume an LRV failed open transient, during which two PHT liquid
relief valves open fully and fail to reclose.

2.
3.

4.

5.
6.
7.

2.2

Methodology:

SOPHT simulates the RV response by assuming a "control valve" type of response. When the
pressure at the RV's upstream node (ie the valve inlet) reaches the opening setpoint, the RV is
stroked open at a constant rate (SO milliseconds from fully closed to fully open). As long as the
upstream node pressure remains above the closing setpoint (ie reseat pressure) the valve will
continue to stroke open. When the pressure at the valve inlet falls below the blowdown setpoint,
the valve is stroked closed at a constant rate. The valve continues to close until the opening
setpoint is subsequently reached, at which time the open-close cycle is repeated.
This type of simulation for a quick opening spring loaded relief valve is adequate for both the
opening and closing cycle. In reality, the valve opening speed is a function of the rate of
pressure increase (pressure pulse) at the valve face, however, the rate of movement of the relief
valve is limited by inertial effects. This inertial effect combined with the fact that this valve is
quick opening, suggests that the valve response can be closely approximated by a linear response
curve.

3.0

ANALYSIS RESULTS

Valve chatter was successfully simulated by modifying the Darlington SOPHT model (Fig 4a &
4b). A 2 LRV failed open transient was assumed in all simulations since this is the most
probable LRV event able to lift the relief valves on bleed condenser void collapse. Typical bleed
condenser pressure response profiles for 1/2/3/4 LRV failed open transients are shown in Figure
l(a). The bleed condenser relief piping was modelled assuming two different configurations,
between the vessel and the relief valves, and different open/close stroke times. These piping
configurations are discussed below.

3.1

No relief piping (ie. RVs relocated at the bleed condenser nozzle).

All bleed condenser relief piping was removed except for a 64 mm nozzle projection. Several
cases were simulated including:
a)
b)
c)
d)
e)

10272 kPaa RV setpoint, 0% blowdown, 50 millisecond RV open/close stroke
10000 kPaa RV setpoint, 0% blowdown, 50 millisecond RV open/close stroke
9245 kPaa RV setpoint, 0% blowdown, 50 millisecond RV open/close stroke
10272 kPaa RV setpoint, 0% blowdown, 25 millisecond RV open/close stroke
10272 kPaa RV setpoint, 3% blowdown, 50 millisecond RV open/close stroke

For the case of the RV setpoint equal to 10272 kPaa and a 50 millisecond open/close stroke, it
can be observed from the valve flowrate (Fig 2a) that the RVs steadily open during the period
of bleed condenser pressure increase. As the bleed condenser pressure decreases, the RVs

respond by reducing the flowrate. This reduction is depicted as a saw tooth type response (valve
flutter) since the simulation is calculating the valve movement based on the pressure at the valve
inlet (ie. superimposed on the decreasing flowrate is the RV response to the inlet pressure). The
valve inlet pressure (Fig 3) remains relatively steady due to the short distance from the bleed
condenser.
The valve flutter is less severe when a valve blowdown greater than 0% is assumed. The effect
of having a valve blowdown of 3% is shown in Figure 2b.

3.2

The effect of large diameter relief piping.

The effect of large diameter piping was investigated as a possible solution. This solution was
found to be impractical because the piping required (assuming the same RV size and location)
to prevent chatter was excessively large (£ 16in).

3.3

Relief piping as presently installed (approx 8 m of 4" SCH80).

Simulation of the current piping configuration at Darlington NGS (Fig 10) shows evidence of
relief valve chatter (Fig 4a) and pressure oscillations at the RV inlet (Fig 4b). Valve chatter is
a result of a complex interaction between valve lift, pipe flowrate, pressure wave propagation
between vessel and RVs and inlet pipe resistance, but in simple terms, chattering occurs because
the pressure just upstream of the RVs is not steady above the setpressure. This means that under
certain conditions, the valve can completely reclose before the pressure at the inlet reaches set
pressure.
Several simulations assuming this piping configuration were performed including:
a)
b)
c)
d)
e)
f)

10272 kPaa RV setpoint, 0% blowdown, SO millisecond RV open/close stroke
10272 kPaa RV setpoint, 0% blowdown, 50 msec open, (200, 300, 400, 500, 600, 700)
msec close stroke
10272 kPaa RV setpoint, 0% blowdown, 25 msec open, 500 msec close stroke
10272 kPaa RV setpoint, 5% blowdown, 50 msec open, (200,300,400) msec close stroke
10272 kPaa RV setpoint, 3% blowdown, 50 msec open, (200,300,400) msec close stroke
10272 kPaa RV setpoint, 3% blowdown, 25 msec open, 400 msec close stroke

From these simulations it was found that an increased blowdown tends to reduce chatter by
increasing the time between the opening setpoint pressure and the closing setpoint pressure (valve
blowdown) at the valve inlet This therefore increases the duration of the opening stroke
allowing the valve to lift higher. The limitation on blowdown setpoint is that it should be higher
than the pressure at the ROH to prevent the valve from remaining open for an LRV failed open
transient The typical blowdown setting for these RVs is 3% and it is recommended that the
blowdown remain unchanged. Although an increase in blowdown does affect valve chatter, it

6
does not eliminate it and as such is not a solution to the RV problem.
Increasing the valve close stroke time can eliminate the chattering effect. The simulation of the
RVs assuming a 50 msec open stroke and a 400 msec close stroke with 3% blowdown (Fig 5 &
6) show the valves to be stable for the duration of decreasing bleed condenser pressure. In
contrast, if a 200 msec close stroke time is assumed (Fig 7 & 8) an increase in valve flutter and
RV inlet pressure amplitude are evident

4.0

CONCLUSIONS

It is not possible to draw final conclusions about solving the problem of relief valve chattering
based only on computer simulations and on a theoretical approach. A series of tests is an obvious
necessity, but this study's results indicate what modifications are likely to improve the situation
and, as a result, which tests should be performed.
A number of factors (eg: costs, space) have to be considered in addition to the technical ones.
The "Recommendations" section below will mention most of them. However two solutions appear
to be desirable. The first is to completely replace the RVs and use pilot operated valves instead.
The other is to dampen the present valve's stroke by mean of hydraulic device. Both cost and
feasibility should be investigated prior to any decision.

5.0

RECOMMENDATIONS

1.

The relief valves be relocated at the vessel.

Positioning of the current relief valves at the bleed condenser nozzle eliminates valve chatter for
the 2 LRV failed open transient Relocation of the RVs may not be possible due to valve
anchoring requirements (the original reason for locating the valves far from the bleed condenser Ref9).
2.

Replace RVs with pilot-operated valves.

The use of pilot-operated valves is a possibility, but the estimated cost of this option is high
enough for other options to be investigated prior to any decision.
3.

Couple a hydraulic cylinder to the valve stem to (dampen) lengthen the close stroke.

It is critical to have the closing time dampened to prevent chatter and desirable to have the
opening time unaltered. Our recommendation will only affect the closing time of the RVs (Ref

7
8).
The advantages to having a hydraulic cylinder type solution are:
a.
b.
c.

d.

It can be designed such that there is no restriction on opening
It will dampen even the small stroke distances (travel) associated with spring type relief
valves
The design of this hydraulic device can be done such as to result in a very long stroke
to the closed position with the only consequence being an acceptable increase in loss of
inventory.
It is possible to reduce shock forces on the valve stem and seating surfaces.

There are disadvantages of having a hydraulic cylinder type solution, among which:
a.
b.
c.
d.

Increased maintenance on relief valves (ie the hydraulic cylinders).
Marginally increased RV failure rates.
Need for environmentally qualified hydraulic components and fluid.
Marginally increased D2O release.

Without doubt testing is required to verify the hydraulic cylinder solution.
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BC Pressure Response for 1 LRV failed Open
Flow Through Relocated RV (0% blowdown)
Flow Through Relocated RV (3% blowdown)
Pressure at RV Inlet (0% blowdown)
Flow Through RV (present configuration.3% blowdown)
Pressure at RV Inlet (present configuration^^ blowdown)
Relief Flow for RV Closing Time of 400 msec.
Pressure at RV Inlet for Closing Time of 400msec.
Relief Flow for RV Closing Time of 200 msec.
Pressure at RV Inlet for Closing Time of 200msec.
Darlington BC Relief Lines
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Figure 1(a) - TYPICAL BLEED CONDENSER RESPONSE FOR 1 LRV FAILED OPEN
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Figure 2(a) - RVs RELOCATED AT THE BLEED CONDENSER - 0% Blowdown • 50 MiWsec Open/Close Stroke 2LRV$FaflOpen
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Figure 2(b) - RVs RELOCATED AT THE BLEED CONDENSER - 3% Slowdown - SO MHIisec Open/Close Stroke
2 LRVs Fofl Open
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Figure 3 - RVs LOCATED AT THE BLEED CONDENSER - 0% Blowdown - 50 MiHsec Open/Close Stroke - 2
LRVsFoiOpen
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Figure 4(a) - RV RESPONSE WITH 8.1 m of 4" SCH80 RELIEF PIPING - 3% Blowdown - 50 msec Open/Close
Stroke- 2 LRVsFaR Open
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Figure 4 (b) - RV RESPONSE WITH 8.1 m of 4" SCH80 REUEF PIPING - 3% Nowdown - 50 msec Open/Close
Stroke-2 LRVs Fail Open
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Figure 5 - RV RESPONSE WITH 8.1 m of 4" SCH80 REUEF PIPING - 3% Blowdown - 50 msec Open 400 msec
Close Stroke - 2 LRVs Fcril Open
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Figure 6 - RV RESPONSE WITH 8.1 m of 4" SCH80 REUEF PIPING - 3% Blowdown - 50 msec Open 400 msec
Close Stroke - 2 LRVs Fad Open
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Figure 7 - RV RESPONSE WITH 8.1 m Of 4* SCH80 RELIEF PIPING - 3% Blowdown - 50 msec Open 200 msec
Close Stroke - 2 LRVs Fan Open
100

Mi

90

\
\
\
\

/

70

1
1

1

50
40

1

v-uauci

1

\

30

\

20

\

10

80

80.2

80.4

80.6

81

/
/
/

V

^ In1
80.8

Probable Ch itter

1VI

81.2

81.4

81.6

81.8

82

TIME (seconds)

TOF-Oo/93

235O2OOU. Chut 1

Figure 8 - RV RESPONSE WITH 8.1 m of 4" SCH80 REUEF PIPING - 3% Mowdown - SO msec Open 200 Close
Stroke - 2 LRVs FdM Open
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1. ABSTRACT
The Emergency Operating Procedures Standards for Canadian Nuclear Utilities specify the
requirement for the development and use of a "Response Strategy to Upsets". A Response
Strategy organizes and prioritizes the decisions and actions to be taken by the control room
operating staff during any plant upset. This paper describes the purpose, design rationale,
and application of the PLGS Upset Response Strategy.
The development of a strategy requires a full understanding of the plant behaviour under
upset conditions and an appreciation of human factors issues. Thus the strategy must
consider:
i) plant response time constants,
ii) human response time constants,
iii) priority order of EOPs and other corrective procedures,
iv) the diagnostic capabilities of the operator,
v) manpower availability in the control room and the field,
The key to developing the PLGS Upset Response Strategy was in determining a priority order
of operations tasks. The priority ranking recognizes the time constants associated with the
unit response to upsets, and the required operator response ("human time constants"). This
was established from a knowledge of simulator and safety report event response and
observation of operator response during simulator-based upset training. The paper describes
the PLGS Operator Upset Response Strategy and Shift Supervisor Upset Response Strategy
logic and design rationale in detail.
Both the management of plant upsets and upset management training benefit from using the
upset strategy. The major benefit comes from providing a systematic, prioritized logic
framework.

/

2. INTRODUCTION
Emergency Operating Procedures (EOPs) were developed during the commissioning of Point
Lepreau G.S. (PLGS) and revised as an outcome of operating experience, simulator based
validation, and training1. Standards governing the development of EOPs are documented in a
report titled "Emergency Operating Procedures Standards for Canadian Utilities"^ (EOP
Standards). This document recognizes that EOPs are required as part of an overall strategy
in managing a plant upset. The EOP Standards identify and require a utility to develop a
structured framework, known as an "Upset Response Strategy". An Upset Response
Strategy organizes and prioritizes the decisions and actions to be taken by the control room
operating staff during any plant upset. This paper describes the purpose, design rationale,
and application of the PLGS Upset Response Strategy.
3 . PURPOSE OF THE UPSET RESPONSE STRATEGY
Upset indications in the control room vary widely. At one extreme, a single computergenerated DCC alarm appears on a display monitor. At the other extreme, an upset may
appear to the un-initiated as a confusing light-show; red and white window alarms, alarm
horns, scrolling annunciation, rapidly varying process parameter trends and panel hardware
anomalies. The safety implications of the upset are not necessarily proportional to the
quantity of panel indications.
The purpose of the PLGS Upset Response Strategy is to guide the control room crew through
a priority order of actions and procedures intended to stabilize the plant. Figure 1 shows the
concept. It is a tool which focuses the control room staff efforts on the important indications,
and guides them in the selection of the appropriate corrective procedure in a timely manner.
The Upset Response Strategy is the initial upset management procedure. The corrective
procedures which it considers include: confirmation and recovery of automatic or manual
Special Safety Systems (SSS)', EOPs, confirmation of Stepback and Setback effectiveness,
Non-Severe APOPs u and Operating Manuals (OMs). If no written procedures are
available, the Upset Response Strategy indicates when corrective actions are based on training
or operator experience. Adopting an Upset Response Strategy defines the basis of a
consistent upset management training program. Confidence in the use of the Upset Response
Strategy is obtained through simulator training.

I

PLGS CANDU 600 Special Safety Systems are:
i) Shutdown System 1 (SDS1)
ii) Shutdown System 2 (SDS2)
iii) Emergency Core Cooling (ECC)
iv) Containment

II

Abnormal Plant Operating Procedure (APOP) is the original name for EOPs.
The distinction used here is Severe = EOP, Non-Severe = APOP.

Figure 1
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4. DESIGN BASIS
The EOP Standards outline the joint Canadian utilities' view on the principles that should be
applied in developing EOPs, an Upset Response Strategy, and the use of Critical Safety
Parameters (CSPs - see standard (2) below for a definition of CSPs). The PLGS Upset
Response Strategy was designed to meet the intent of the EOP Standards document. In
particular, the strategy directly addresses the following standards:
(1) The utility shall adopt, in principle, a response strategy ... and incorporate these
principles as part of the EOP structure.
(2) The utility shall identify and substantiate Critical Safety Parameters whose status
will indicate a threat to the integrity of (a) fuel sheath (b) the Heat Transport System
envelope, or (c) the Containment. The utility shall determine and document the
application of such CSPs.
(3) When an EOP is used, there shall be a normal requirement for continual
monitoring of all Critical Safety Parameters by other than the unit operator.
(4) The generic EOP shall address all CSPs in a priority identified by the utility.
(5) During plant upsets for which EOPs are not being used, the operator shall
monitor, as appropriate, to ensure CSPs are satisfactory.
(6) The operations staff shall apply a Response Strategy to Upsets as defined in
Standard (1).

(7) EOP steps are intended to be followed as written. Departures are only permitted
under extraordinary circumstances, and shall be authorized by the shift supervisor.
Where it becomes evident that a step or steps in an EOP have been incorrectly
performed, or the event has been incorrectly diagnosed the shift supervisor shall
authorize any steps taken to correct the situation.
In addition to the standards above, development of a strategy requires a full understanding of
the plant behaviour under upset conditions and an appreciation of human factors issues. Thus
the strategy must consider:
i)
ii)
iii)
iv)
v)

plant response time constants,
human response time constants,
priority order of EOPs and other corrective procedures,
the diagnostic capabilities of the operator,
manpower availability in the control room and the field,

The key to developing the PLGS Upset Response Strategy was in determining a priority order
of operations tasks. The priority ranking recognizes the time constants associated with the
unit response to upsets and the required operator response ("human time constants"). This
was established from a knowledge of simulator and safety report event response and
observation of operator response during simulator-based upset training.
4.1 Division of Responsibilities
The PLGS Upset Response Strategy consists of two separate and complementary procedures.
Each procedure is available in the control room as a single plastic laminated page. One
procedure is applied by the CRO and called the "Operator Upset Response Strategy"
(OURS). The second procedure is applied by the SS and called the "Shift Supervisor
Upset Response Strategy" (SSURS).
The OURS and SSURS differ as an outcome of the different roles defined for the CRO and
SS during upset management The CRO diagnoses the event and applies the applicable
procedure based on information collected during the execution of the OURS. The SS through
execution of the SSURS, verifies any SSS action, the CRO's diagnosis, maintains an
overview of the crews' procedural actions, and maintains awareness of the overall plant
behaviour. The SS's role is characterized by maintaining the upset "Situation Awareness".
The SS is ultimately responsible for all decisions.
4.2 Structure of the OURS and SSURS
The currently issued versions of the OURS and SSURS are shown in Figure 2 and Figure 3,
respectively. Each single page procedure is in the form of a logic diagram providing
consistency with the EOP format of which operations staff is fully familiar. Both are
structured so that the user enters the procedure at the top of the page when an upset occurs,
and proceeds vertically downward through the priority order of strategic decisions. For
purposes of invoking the OURS/SSURS, an upset is defined as:
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(a) Shutdown System action automatically demanded,
(b) a completed stepback or setback,
(c) EOP or APOP entry conditions are diagnosed.
(d) in the judgement of the CRO or SS an upset condition exists.
The strategic decisions are "governing conditions" displayed in bold hexagonal format,
identical to the format used in the Generic EOP 1 . They are identified by a label starting with
an "O" for operator or "SS" for shift supervisor, followed by "GC" and a number that
reflects the priority (e.g. O-GC3). This labelling provides for ease of communication
between the CRO and SS.
Governing conditions (GCs) are interpreted as "logic interrupts". If the condition within the
hexagon is satisfied, the action to be taken results in a change of operating strategy. If the
condition in a GC is not satisfied, the user proceeds down to the next lower priority GC.
For consistency, both the OURS and SSURS are structured such that a "No" answer directs
the user to the next GC. All GCs mat are above the current GC being examined, take
precedence. This forces the user to assess the possibility of higher priority GCs and proceed
immediately to take action if a higher order GC is satisfied.
Each single page procedure provides the SS or CRO with a logic map, distinguishing at a
glance, where he is, where he has been, and where he may be going, within the overall upset
management scheme. This is again consistent with the Generic EOP structural concept. In
practise, confidence is developed in the OURS and SSURS steps, through use in all
simulator-based upset training

4.3 OURS Priority of Actions
The priority order of GCs for the OURS is shown in Figure 2. As mentioned earlier, the
OURS procedure is focused on recognizing the severity of the event, and application of the
correct procedure.
4.3.1 Special Safety Systems (0-GC1 and 0-GC1-A)
The highest priority GCs involve SSSs (O-GC1 and O-GC1-A). These systems are designed
to automatically address the integrity of fission product release boundaries during severe
upsets. They respond to design setpoints and may function within time constants that are
beyond human response time capability. All of these systems are central to the designed
safety response of the CANDU 600. Consequently, recognition and confirmation of SSS
actions must take top priority when responding to an upset.
The two-part GC structure was established so that the CRO could address SSS concerns in a
timely manner. O-GC1 asks if SSS action is demanded. The "SSS Demanded Conditions"
have been defined within a separate table in the OURS/SSURS issued operations

documentation and are shown here as Table 1. Each SSS demanded condition can be readily
TABLE 1 SPECIAL SAFETY SYSTEM DEMANDED DEFINITIONS

SSS

CONDITION

SSS DEMANDED ALARM

SDS1

ANY 2 OF 3

1) W4-1 CHANNEL D TRIP
2) W4-10 CHANNEL E TRIP
3) W4-19 CHANNEL F TRIP

OR ANY 2

SEPARATE CHANNEL TRIP
PARAMETER WINDOWS

ANY 2 OF 3

1) W2-1 CHANNEL G TRIP
2) W2-10 CHANNEL H TRIP
3) W2-19 CHANNEL J TRIP

OR ANY 2

SEPARATE CHANNEL TRIP
PARAMETER WINDOWS

CONTAINMENT
ISOLATION

ANY 1 OF 3

1) Wl-3 CONTAINMENT ACTIVITY
HIGH
2) Wl-7 CONTAINMENT PRESS > 3.5
kPa(g)
3) Wl-11 CONTAINMENT BUTTON-UP
INITIATED

DOUSING

ANY 1 OF 2

1) Wl-1 CONTAINMENT PRESSURE 14
kPa(g) DOUSING ON
2) Wl-9 DOUSING VALVE NOT CLOSED

ECC - INJECTION
-CRASH
COOLDOWN

ANY 1 OF 2

1) W3-28 ODD CIRCUIT INJECTION
IMPENDING
2) W3-37 EVEN CIRCUIT INJECTION
IMPENDING

ECC - LOOP
ISOLATION

ANY 2 OF 3

1) W3-21 CH K (P201/P202) HT LOOP
ISOLATION INITIATED
2) W3-24 CH L (P201/P202) HT LOOP
ISOLATION INITIATED
3) W3-27 CH M (P201/P202) HT LOOP
ISOLATION INITIATED

SDS2

identified in the control room by a specific set of panel window alarms. Consideration is
being given to specifically colouring these window alarms for easier identification. If a SSS
demanded condition is not alarmed, the CRO immediately proceeds to the next GC : 0-GC2.

If a SSS demanded condition is alarmed, the CRO proceeds to O-GC1-A. This GC is in
response to the condition where, if a trip of SDS1 or SDS2 is demanded, it never
automatically clears (it is always in demand). This GC asks if the action of the SSS has been
confirmed and so provides a logic exit from the SSS actions. If the SSS action has not been
confirmed, the CRO is directed to an action box that requests confirmation of SSS action.
Here the SSS systems are each listed with a "TAB" reference beside the system (e.g. 1-A, 1B, etc.). Each TAB is a separate, single page written procedure that defines the panel checks
necessary for confirmation of the SSS effectiveness. These single sheets also list the Main
Control Room (MCR) recovery actions should manual recovery of a SSS be required.

4.3.2 Generic EOP (O-GC2)
The Generic EOP is the highest priority EOP procedure designed to ensure adequate fuel
cooling despite the nature of the upset. Unlike the severe and non-severe EOPs, the Generic
EOP addresses the symptoms of the upset rather than recognize a specific event type. The
requirement for its use is second only to Special Safety Systems since it is only required if
other procedures fail to maintain adequate fuel cooling. O-GC2 asks if the Generic EOP
entry conditions are met. This requires the CRO to examine the panels for indications of
Generic EOP entry conditions. The entry conditions for all EOPs are listed on both the
OURS and SSURS to the right of the GCs and actions. If the entry conditions are met,
diagnosis of the upset is complete and the Generic EOP procedure is followed to completion.
The only higher priority OURS condition is the requirement to confirm any new SSS action.
If the entry condition for the Generic EOP is not met, the CRO proceeds to 0-GC3.
4.3.3 Severe EOPs (O-GC3)
Among the set of event-based EOPs, there is a ranking of importance that must be considered
in the OURS/SSURS. GC O-GC3 requests the CRO to examine the panel indications to
determine if any Severe EOP entry condition is met. Three Severe EOPs are defined for
PLGS. They have the potential to threaten fission product release boundaries.
Consequently, the Severe EOPs are placed third in the OURS/SSURS. In order of priority
they are: Large Loss of Coolant Accident (LLOCA), Loss of Feedwater (LOFW) and Large
Steam Generator Tube Failure (SGTF).
LLOCA is the highest priority severe upset as it represents an immediate inventory depletion
requiring ECC action to ensure continued fuel cooling. For severe breaks, automatic ECC
action may be required within minutes. Note that this condition would be addressed by SSS
confirmation in O-GC1. Timely entry into the LLOCA EOP is addressed by GC O-GC3.

LOFW is the next priority as it represents the potential for a severe energy imbalance.
However, since complete degradation of the boilers following loss of feedwater takes longer
than 30 minutes, the time constants involved in recovery are not as critical as LLOCA.
The third severe EOP is defined as SGTF. In this case the CRO must recognize the
conditions that identify the severance of one or more steam generator (boiler) tubes. This is
considered a severe event because the heat transport system fission product release boundary
has been breached and inventory is transferred to the secondary side at a rate detectable by
means of the D2O Storage tank level trend.
Recognition of any Severe EOP entry condition results in the retrieval and use of that
procedure, provided no higher priority action is required. GC O-GC3 performs the role of
severe event diagnosis and directs the priority of entry. If no Severe EOP is required, the
CRO proceeds to O-GC4.
4.3.4 Stepbacks and Setbacks (O-GC4 and O-GC4-A)
Stepbacks and setbacks require prompt action as they represent a Reactor Regulating System
(RRS) control program response to a wide variety of process system failures. The preceding
GCs address the requirements for power reductions. However, the procedures used by the
GCs that follow O-GC4 do not consistently monitor for stepback and setback action. Hence,
it is appropriate to provide coverage of stepback and setback power reductions at the priority
level given by O-GC4.
O-GC4 and O-GC4-A are written in the same two-part manner as described for SSSs (O-GC1
and O-GC1-A). The action taken by the CRO is to confirm the effectiveness of the stepback
or setback by comparing the power reduction with the required endpoint or current power
setpoint. A table showing the individual stepback and setback demanded conditions and end
points is provided on the back of the OURS. Any impairment of a stepback or setback
function requires the CRO to manually introduce a SDS1 reactor trip.
4.3.5 Non-Severe APOPs and Other Procedures (O-GC5)
If the CRO has addressed GCs above O-GC5, then at this time the upset is not severe. The
CRO continues to assess the higher order GCs, however, time is available to assess the status
of major plant parameters and develop an upset diagnosis. The action box shown below OGC4 specifies the minimum data set required. In practise, the CRO scans all panels starting
at panel 1 and proceeding along to panel 19. Answering O-GC5 requires this assessment of
panel indications and trends to arrive at an event diagnosis. If the upset degrades to a severe
event, the CRO will recognize this condition from the higher order GCs.
The training program associated with the OURS/SSURS emphasizes the skills required to
form the event diagnosis. The procedures applicable to this GC consist of the Non-Severe
APOPS, all systems related Operating Manuals (OMs) and any actions associated with the
CROs own plant knowledge. Non-Severe APOPs address upsets that represent no immediate
threat to fuel cooling. They are defined as: Small Loss of Coolant Accident (SLOCA), Dual

DCC Failure, Loss of Class IV Power, Loss of Service Water, Loss of Instrument Air and
Non-Severe SGTF.
If the event diagnosis identifies the need for any of these procedures, the CRO follows the
written procedure as required. It is possible that more than one Non-Severe APOP entry
condition is indicated. In this case, it is expected that the CRO will rationalize which APOP
has priority given the particular plant configuration. As an example, both Loss of Class IV
Power (LCLIV) and Loss of Instrument Air (INSTR AIR) entry conditions are indicated.
Instrument air operation requires Class III power. While collecting data to determine an
upset diagnosis, the CRO recognizes that Class ID power is also lost, preventing recovery of
instrument air. The CRO would determine that LCLIV takes precedence over INSTR AIR
since LCLJV performs actions to recover Class III as well as Class IV power. Following the
use of LCLIV, the INSTR AIR procedure can be applied if necessary.
If information is insufficient to form an event diagnosis at this time, the CRO continues to
collect all available information until the upset is recognized. This is not a matter of
abandoning any corrective actions as it may first appear. It is, instead, a recognition that the
upset does not have immediate safety implications and time is available to further assess the
upset. The higher order GCs remain poised to flag any further upset degradation requiring
higher priority procedures.
4.4 SSURS Priority of Actions
The priority order of GCs for the SSURS is shown in Figure 3. As mentioned earlier, the
procedure is focused on independently confirming the effectiveness of SSS action, verifying
the CRO's diagnosis, procedural actions and progress, while maintaining the upset situation
awareness.
In developing the SSURS, it is assumed that the SS is not present in the MCR when the upset
is first declared. It is expected that the CRO will notify the SS of the upset condition as soon
as possible then proceed with the OURS. On entering the MCR, the SS uses the SSURS
procedure.
GCs SS-GC1 to SS-GC3 will not be described as they are identical to the OURS. The
wording is altered only to reflect the SSs role. In practise the SS identifies and confirms any
SSS requirements. The SS also provides a backup check for the requirement to perform any
SSS recovery actions. The SS then proceeds to identify any Generic or Severe EOP entry
condition. If the SS concludes that any of these procedures are required, the CRO is
consulted to confirm that the correct procedure is in use. The SS then confirms the overall
procedural actions taken by the CRO.
If the SS determines that no Severe EOP is required, he proceeds to collect plant data and
develop a diagnosis independent of the CRO. To collect data the SS begins at panel 1 and
proceeds around the control room scanning all panels for critical data. The minimal data
requirements are outlined in the action box below SS-GC3 and are identical to the OURS.
The SS then confirms the diagnosis with the CRO and confirms that the correct procedure has
been selected.

4.4.1 Critical Safety Parameter Monitoring (SS-GC4)
Standard (3) identifies the need to monitor CSPs by control room staff other than the unit
operator. Since the SS position holds overall responsibility for all control room activities,
assigning CSP monitoring to the SS position was a natural compliment to the SS
responsibilities. The monitoring of CSPs assists the SS in maintaining the overall plant
situation awareness. SS-GC4 requests the SS to determine if CSP monitoring is required.
Two simple rules are used to determine this requirement. They are:
(1) Any unplanned power reduction to less than 2% full power (manual or auto
demanded).
(2) Any sustained or unplanned degradation of a principal CSP or heat sink specific
CSP when power is less than 2% full power.
Rule (1) is based on the design philosophy that plant trip coverage will prevent any
significant degradation of CSPs when at power. Trip coverage analysis provided in the
PLGS Safety Report* demonstrates the coverage. Hence, it is only necessary to manually
monitor CSPs following unplanned power reductions. Rule (2) covers the situation where the
plant is in a normal operating configuration at power less than 2% when an upset occurs.
If either rule applies, the CSP Monitoring Procedure for the current heat sink configuration is
used. If CSP Monitoring is not required, and no other higher priority GC is required, the SS
continues to collect data for the major plant parameters and confirms any procedural actions
taken by the CRO. The major plant parameters are defined as: Reactor Power, Boiler
Pressure, Heat Transport System Pressure, Pressurizer Level and Boiler Level.
A detailed description of the CSP Monitoring Procedures is beyond the scope of this paper.
These procedures are organized on the basis of the current heat sink. Each procedure
provides priority order monitoring decisions regarding the value and trend of the relevant
CSPs. Through this CSP monitoring mechanism, the SS maintains the upset situation
awareness. By examining the transient trend of the CSPs, the SS is assessing the upset
symptoms. The monitoring procedures identify CSP conditions that require recovery. These
may occur due to the following conditions:
(i) An incorrect procedure is being used to resolve the upset,
(ii) human errors have occurred in the use of the corrective procedure,
(iii) the procedure itself is in error,
(iv) multiple failures have occurred that are beyond the scope of the procedure in use.
A separate set of CSP Recovery Procedures has been developed to identify further recovery
actions that address the degrading CSP symptoms. In most cases these include corrective
actions in the field or from the Secondary Control Room. These are assessed by the SS, and

combined with current knowledge of the plant conditions, the SS recommends a course of
action. These actions only apply to situations identified by Standard (7). That is,
extraordinary circumstances exist where the procedure in use is not addressing a CSP.

5.0 Implementation of the OURS and SSURS
The initial development of the OURS and SSURS was strongly influenced by input from
experienced authorized staff. Over the decade of operation at PLGS, the principles and rules
applied in the OURS were determined and applied through conventional operator training.
The OURS development focused discussion of these principles and rules, which in general
had not been defined in any one document. The principles applied in the SSURS was directly
influenced by the EOP Standards document. In the past, the SS was always given overall
upset responsibility. The wording of Standard (7) emphasizes this responsibility. The
SSURS coupled with CSP Monitoring and CSP Recovery procedures now provides the SS
with the upset organization and written tools to assist in performing mis function.
Following the written procedure development, the OURS and SSURS was first implemented
in the simulator-based authorization training for three Shift Supervisors in Training.
Intensive upset management training exercises utilizing the OURS and SSURS were
conducted on the simulator prior to the simulator-based AECB examinations. The OURS and
SSURS provided a key focus for mis training, resulting in the benefits discussed in the next
section.
Following the authorization program described above, OURS and SSURS training was
provided to all currently licensed staff through the Refresher Training program. Rather than
provide simulator training on the basis of specific EOPs or APOPS, the OURS and SSURS
was used to introduce an upset that would lead to exercises on specific events. This provided
the benefit of producing more realistic training experiences where the trainees are not initially
aware of the event being exercised. Repetition of the OURS and SSURS through their use in
all upset training reinforces the principles. Any feedback provided from these exercises was
used to fine-tune the organization and wording of the OURS and SSURS.
6.0 Benefits of the PLGS Upset Response Strategy
The PLGS Upset Response Strategy was fully implemented in the control room as of
September 1993. The OURS and SSURS plasticized pages are kept in plexiglass pockets
attached to the base of panel 2 (SSURS) and panel 6 (OURS). Since completion of the
training program, 2 upsets have been declared with the OURS/SSURS used in each case.
OURS/SSURS related feedback from the control room staff involved in these upsets was very
positive. Typical comments follow4:
- The upset alert declaration gathered all staff quickly in the control room.
Communication with the staff assisted in diagnosing the upset.
- The use of the OURS and SSURS greatly enhanced the organization and resolution

of the upset. In particular, this applied to : diagnosis of the event, confirmation of
plant response and job performance of individuals due to their knowledge of roles and
responsibilities set out in the OURS and SSURS. These benefits were clear when
compared to resolution of an upset which occurred prior to receiving the upset
response training.
- A high level of confidence was achieved when returning to power as there was no
doubt that all factors had been taken into account with the OURS/SSURS.
Operations training also benefits from the development and use of the Upset Response
Strategy. The following are some of the training and operational benefits that have been
realized :
(1) The Upset Response Strategy provides an overall framework for upset
management. Since the OURS/SSURS procedures are the master procedures, all upset
related topics and actions are guided by the principles set forth in these procedures
based on the severity of the event.
(2) The OURS/SSURS ensures that priority is assigned to the upset with the greatest
safety implications. This is the most significant operational benefit.
(3) The CRO and SS are directed to the parameters which are essential to the upset
diagnostic process.
(4) The OURS and SSURS defines the role of the CRO and SS during upset
resolution. SS upset training programs, such as CSP training, are developed to
enhance the SSURS principles.
(5) The OURS/SSURS approach adds realism and flexibility to EOP simulator-based
training programs. EOP training can be provided starting with the development of
any upset and requiring the use of the OURS/SSURS rather than starting with specific
event training.
(6) The upset strategy emphasizes the requirement for communications skills between
control room staff.
(7) Upset Response Strategy actions are credited when developing EOPs, so
procedures are simplified.
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Nt':ABSTRACT
A model is proposed for the calculation of the wall and interfacial frictions for annular twophase flow. The model consists of the laminar film flow model for the liquid and Prandtl's
mixing length model for the gas core. In order to solve the mass and momentum balance
equations special functions for the wall and interfacial frictional terms are developed. The
conservation equations are also solved by using well known common correlations for the
frictional terms. Results of the calculations for the wall friction, for counter-current gas-liquid
flow are compared with the data of Zabaras [1]. The comparison shows that the present model
seems to predict better the experimental data than the conventional correlations.

I. INTRODUCTION
Counter-current flow (CCF) is of great importance for nuclear reactor safety. In CANDU
nuclear reactor CCF may occur in the feeder pipes following a postulated loss of coolant
accident (LOCA). The steam coming from the fuel channels may flow in the direction opposite
to that of the injected water. Under these conditions the rate of liquid delivery to the reactor core
could depend on the liquid and vapour flow rates. Thus, accurate knowledge of the laws that
govern the CCF is of great importance in safety analysis. It seems that among different possible
factors the wall and interfacial frictions are the main physical forces responsible for partial liquid
delivery.
In the past the wall friction under CCF conditions was modeled in the same way as for
single-phase flow [2]. Before the work of Zabaras [1] there were no measurements of the wall
friction for counter-current flow. These experiments showed that the wall friction for CCF
depends on both liquid and gas flow rates. In particular, it was found [1] that the wall friction
decreases as the gas flow rate increases. However, no comparison was made between the
experimental data and predictions of the widely used single-phase formula. More attention was
paid to measurement and modelling of the interfacial friction for counter-current flow. Wallis
[2] used a correlation based on experimental data for co-current annular flow. A correlation
entirely based on the pressure drop data obtained for CCF was given by Bharathan & Wallis [3].
A first attempt to derive the frictional terms for two-phase flow from local equations was
made by Coutris et al. [4]. They obtained expressions for the frictional terms for laminar cocurrent stratified flow in a horizontal channel. Unfortunately, those expressions could not be
used with averaged momentum balance equations because they led to a trivial identity. A new

approach to the modelling of the frictional terms for CCF was proposed by Matuszkiewicz et
al. [5]. The frictional terms for laminar gas-liquid counter-current flow that could be used with
averaged momentum balance equations were obtained from the Navier-Stokes equations.
Predictions of the wall friction for zero gas flow rate were in excellent agreement with the
experimental data of Zabaras [1]. The comparison of these data with the laminar model [5]
indicated that the film flow was laminar up to a Reynolds number equal to 3100. The last finding
contradicts the common belief that the transition from laminar to turbulent film flow occurs at
a Reynolds number of 1000. This conclusion is supported by measurements of the Reynolds
stress in a film flowing down on the outer side of a vertical tube [6], where it has been shown
that even for the Reynolds number of 5000 the liquid film was still laminar.
In CCF the gas becomes turbulent at relatively low mass flow rates because of its low
viscosity. To extend the previous analysis [5] to the gas flow rates that are of relevance to
flooding phenomena, the turbulence of the gas phase should be taken into account. To the best
of our knowledge there were no reports in the open literature that aimed to derive the frictional
terms for turbulent gas flow counter to the falling film from the local equations. However,
because of some similarities to CCF it is worth mentioning a few works dealing with turbulent
co-current annular flow, even though only one of them tried to predict the interfacial friction.
Levy & Healtzer [7] applied the single-phase turbulent velocity profiles to the gas and liquid
film flows with few modifications accounting for roughness of the wavy interface to predict the
pressure drop and the liquid film thickness. Abolfadl & Wallis [8, 9] used Prandtl's mixing
length model to calculate velocity profiles, pressure drop and liquid film thickness for annular
co-current flow. The mixing length function (MLF) was chosen in such a way as to fit the
measured gas and liquid flow rates. They supposed that the interfacial friction is proportional
to the square power of relative gas-interface velocity and determined a relationship between the
MLF and the interfacial friction coefficient. It will be shown later in this paper that this
assumption is valid only for high interfacial friction, a condition that can not always be fulfilled
for CCFs because of the flooding limit. Jensen [10] tested three correlations for velocity profiles
of the turbulent film and proposed a correlation for the velocity profile of the gas core including
entrained droplets. Skouloudis & Wurtz [11] assumed two turbulent velocity profiles and
determined free parameters of these profiles by fitting them to experimental data. They used
these profiles to predict the pressure gradient and the liquid film thickness for dispersed annular
co-current flow. All these results were obtained for co-current annular flow, thus their usefulness
for the CCF is rather doubtful.
In this paper expressions for the wall and interfacial frictions for CCF are derived. In
accordance with earlier investigations [5, 6] it is assumed that the liquid film is laminar and the
gas flow is turbulent. The averaged balance equation for the CCF are used as the starting point
for this paper. An expression for the interfacial friction for turbulent gas flow is then derived.
Finally, by using the results for laminar film flow [S] an expression for the wall friction is
obtained. This enables the system of the averaged balance equations to be solved. Thus the
numerical values for the wall and interfacial frictions can be obtained. These values are
compared to the experimental data of Zabaras [1].

II. AVERAGED BALANCE EQUATIONS
One-dimensional balance equations for a vertical annular flow in a pipe without exchange

of mass between phases may be written in the following form:
a) for the gas phase
aA p K = W =const.

dug

dPg

b) for the liquid film
a.fA PfUf= Wf= const.
duf

(3)

dPf
-«fA--; +

where af=i-a.
The balance equations are written in a vector notation, i.e., the vector
variables (velocity, wall friction, etc.) implicitly include a sign appropriate to their orientations
relatively to a downward direction of the x-axis. Such a notation has been chosen to obtain
resulting expressions that are valid for both co-current and counter-current flows.
The four balance equations contain five dependent variables. To close the system it is
necessary to add one more equation. Usually, an equation relating the pressure gradients in the
gas and liquid phases is used to close the system. This difference in the pressure gradients may
be induced by capillary effects, electric field, condensation, etc. For air-water, counter-current
flow in pipes of diameter greater than 1 cm the capillary effects may be neglected. Thus, the
pressure gradients in the liquid and gas phases are supposed to be equal. Still, the system of the
averaged balance equations can not be solved unless the wall and interfacial frictions are
specified.

m . CORRELATIONS FOR WALL AND INTERFACIAL FRICTIONS
Previously [2], the wall friction for CCF was modelled in the same way as for single-phase
flow:

where the wall friction coefficient was given by

'••£, •
for laminar flow, and
fw=0.0791 Re/11* ,

(7)

for turbulent flow. The only difference is that the average velocity of the single-phase flow was
replaced by the superficial velocity of the liquid film in the following expression defining the
film Reynolds number:
nl.-l

(8)
The interfacial friction for CCF was modelled in a manner analogous to that for the annular
co-current flow. Originally [2], it was supposed that the interfacial friction is proportional to the
square power of the difference between the average gas velocity and the interface velocity. In
subsequent applications, however, the interface velocity was replaced by the average film
velocity or even set to be equal zero. For the counter-current flow the interfacial friction was
frequently expressed in the following form:

where the interfacial friction coefficient were determined by fitting equations (2) and (9) to
pressure drop data for fully developed flow. Two different correlations for the interfacial friction
coefficient have been reported. The first, based on the pressure drop data for annular co-current
flow [1], is given by:
/ = 0.005(1+300-) .

(10)

Another correlation was determined from the pressure drop data for CCF [3]. The interfacial
friction factor was assumed to depend on the non-dimensional tube diameter and film thickness
in the flowing way:

£=0.005 + AV* ,
where

dD

4.74
1 = 1.63 +
D'

log,0i4 = -0.56 + — ,
D*

(12)

and
(13)

IV. TURBULENT GAS FLOW
In the present work Prandtl's mixing length model is used to obtain an expression for the
interfacial friction of the turbulent gas flowing counter to the falling film. It is assumed that the
gas flow is fully developed. It is well known [12] that the shear stress within a gas core of an
annular flow is proportional to the radius. This characteristic holds for CCF as well. According
to the notation given in Fig. 1 this fact can be expressed as:
—T

(14)

i •

Instead of dividing the gas core region into laminar and turbulent sublayers as was done in Refs.
[8, 9] it is assumed that the shear stress is a sum of two components:
a) laminar
dug

(15)

~dr
b) and turbulent
dug du.

(16)

~dr dr
Combining equations (14)-(16) the following nonlinear differential equation is obtained for a
velocity profile in the gas core:

0
dr

(17)

r,

where H=\ when a velocity gradient is positive and H=-l when the velocity gradient is
negative (co-current downflow). This equation may be rewritten in the following nondimensional
form:

(18)

Reg*dr\

where r\=r/R, t=llR, u = uglu*, u* = )j-Hxi/pg
yields the velocity profile in the gas core:

and Re* =2riu*/vg. Solving equation (18)

(19)
2

g

t r\'

where y\t=J<t and u*^uju*. The velocity profile given by Eq. (19) must satisfy a mass
conservation equation. Thus, integrating Eq. (19) from 0 to i\t and introducing an average gas
velocity the following algebraic equation for the interfacial friction is obtained:

^

a

j

,

(20)

where absolute values of
_ 2Ro.u
l
u=

and

v

have the form of a Reynolds number, and

l(Reg'2) = jdn

2 "'
m22

J fi

.

(22)

Equation (20) expresses the non-dimensional interfacial friction in terms of the
nondimensional relative velocity between the interface and gas core.
For high interfacial frictions this equation can be simplified. In this case inequality the
JaRe* t2r\ >oc2 is fulfilled in almost the entire region of the gas core with exception of the
tube center and the gas-liquid interface. However, on the tube center the integrand in equation
(22) is zero, thus this region does not contribute much to an overall value of the integral. In
tum, in the region of the gas-liquid interface the MLF can be approximated by equation:
c =K(1 -TI) [12], where K is a constant of the turbulence. Hence, if

(23)
integral (22) can be approximated in the following way:
7
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(24)

where

e

o

Substituting Eq. (24) in (20) yields

or in dimensional form
(27)

where

a*2

Equation (27) is similar to the widely used correlation for the interfacial friction (9). However,
correlation (9) differs from equation (27) by having the average film velocity instead of the
interface velocity. If the laminar contribution to the shear stress is neglected, Eq. (27) can be
derived directly from differential equation (17). Abolfadl & Wallis [9] found that it was
necessary to introduce a laminar sublayer in the gas core for co-current flow. It appears even
more crucial for counter-current flow because of the flooding limit that restricts gas flow rates.
The applicability of equation (27) can always be checked using inequaliy (23). If this inequality
is fulfilled, equation (27) is supposed to give correct results. Otherwise, the exact equation (20)
should be used to determine the interfacial friction for both co-current and counter-current flow.

V. LAMINAR FILM FLOW
The frictional terms for the laminar gas-liquid counter-current flow can be rigorously derived

from the Navier-Stokes equations of the gas and liquid phases [5]. Analytical relationships have
been obtained there for the wall and interfacial frictions as well as for the interfacial velocity
expressed in terms of the average gas and liquid velocities. If the gas flow is turbulent the
interfacial friction is given by an implicit function (Eq. 20). This equation contains the interfacial
velocity that can be obtained from a velocity profile of the liquid film. As opposed to our
previous work it is better to express the wall friction and the interfacial velocity in terms of the
average liquid velocity and the interfacial friction. Based upon the results of our earlier work
[5] the following equations are obtained for the interfacial velocity and the wall friction
respectively:

u -u+H$Re

,

*'

TW = T° +HVRe*2 ,

(3°)

and

where
(31)

2r

A J «/-2a* '

(32)

a^= 1 - a , B = a.+ a lna and m = py/p. • The first terms on the r.h.s. of Eqs. (29) and (30) are
given by:
-«,

(33)

-SCJL

(34)

«/and
-3

T° =

-lp,

-/

respectively.
It can be seen from equations (20) and (29) that the interfacial friction is correlated in terms
of the difference (ul-ug) and not in terms of the difference between average film and gas
velocities as suggested by correlation (9).

VI. NUMERICAL TREATMENT
Equations (29) and (30) together with equation (20) derived in the previous section constitute
closure equations to the system of balance equations (l)-(4), where the pressures of the gas and
liquid phases were assumed to be equal. These equations can be solved if the mixing length
function (MLF) is known. For single phase flow this function was determined from the velocity
profiles. Two mixing length functions are the most widely used for single phase flow:
1) Nicursadse's MLF [12]
c = 0.14-0.08 n 2 -0.06 V ,
2) Van Driest's near-the-wall MLF [13]

r
l-exp--(l
" 2
where A' =26 and J&y =(D^\xw\/pg)l\g.
proposed the following MLF:

_, l l
(36)

A*

For annular co-current flow Abolfadl and Wallis [9]
c =0.14(1-TI 2 ) .

To the best of our knowledge there are no measurements of velocity profile for counter-current
flow in vertical pipe, thus the mixing length function can not be determined. For this reason,
in this paper all three functions (35)-(37) are used. The results of computations using the various
mixing length models are compared to the Zabaras experimental data and to the results of
computations, where the wall friction is calculated form equations (5)-(8) and the interfacial
friction is calculated from the Wallis (Eqs. 9-10) or Bharathan correlations (Eqs. 9 and 11-13).
The results for the wall friction versus gas flow rate for four different liquid flow rates are
shown in Figs. 2-5. In all cases the results show that the wall friction decreases as the gas flow
rate increases. However, the results obtained with the use of conventional correlations (Eqs. 513) represent experimental data rather poorly with exception of those for the lowest liquid flow
rate (Fig.2), where equations (5)-(6) with the Wallis correlation for the interfacial friction (Eqs.
9 and 10) correctly predict data at intermediate gas flow rates. The present model based on the
laminar film model developed in Ref. [5] (Eqs. 29-34) and on the Prandtl mixing length model
for the gas core (Eqs. 20-22) give much better results except for the lowest liquid flow rate,
where it overestimate the experimental data. All three MLFs give reasonable results. The
Nicursadse and Abolfadl & Wallis MLFs yield slightly better results than the Van Driest MLF.
One of the parameters of the present model is the interfacial velocity that is absent in the
conventional models. For counter-current flow there is a gas flow rate at which the interfacial
velocity becomes negative. This indicate the minimum value of the gas flow rate needed to
produce flooding. However, the flooding would not necessarily occur at this gas flow rate,
because liquid that has been entrained upwards can be subsequently recirculated downwards. The
phenomenon of recirculation was discussed by Moalem Maron & Dukler [14]. At the point
where the interfacial velocity changes sign the wall friction predicted by this model attains a

minimum. For higher gas flow rates the wall friction rapidly increases and the calculations
diverge. It seems that for the gas flow rates higher than this value it is necessary to introduce
recirculation phenomena in the model.

vn. CONCLUSIONS
The model presented in this paper represent experimental data for the wall friction for
counter-current flow in vertical pipe from zero gas flow rate up to the flooding limit reasonably
well. To extend this model beyond the flooding limit it would be necessary to include turbulence
of the liquid film, liquid recirculation phenomena and appropriate mass balance equation for the
liquid film accounting for a partial liquid downfiow and upflow. It seems also essential to
determine the mixing length function from the actual velocity profile measured under the
counter-current flow conditions.
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local fluid velocity
average fluid velocity
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mass flow rate
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liquid fraction
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ABSTRACT

s

Experiments have been performed to investigate two-phase air-water countercurrent flow
limitations in two complex geometry test sections. One of the test sections was chosen to
represent the complexity of CANDU feeders, at a 1:4 scale. In the second configuration, the
effect of declining the horizontal parts of the test section was investigated. For the tested
geometry, the results showed that the onset of flooding occurs at lower gas velocity as
compared to those required to initiate flooding in vertical tubes or single 90° vertical bends.
However, the critical gas velocity at the zero liquid penetration limit was found to be
comparable to that of a 90° vertical bend.

1.

INTRODUCTION

Flooding is the term given to the phenomenon of two-phase counter-current flow limitations.
The two limits which exist for gas-liquid counter-current flow are the onset of flooding, and
the zero-liquid penetration limit. The onset of flooding is reached when, for a given upward
gas flow, the amount of water that penetrates the tubing cannot be increased by an increase
in the water injected at the top. Increasing the gas flow from this point will restrict the
water penetration more and more until zero water penetration occurs. The flooding
phenomenon is important in many practical applications, the most critical being some
postulated loss of coolant accidents (LOCAs) in nuclear reactor safety. For instance, the
CANDU feeders, in which emergency cooling water must travel through to reach the fuel
channels, are very complex in geometry and prediction of the flow limitation in them is very
important.
Over the years, work has been done in order to predict flooding in various simple
geometries, however, widely applicable models are lacking because the mechanisms involved
are not yet really understood. Most of the earlier work has been done for vertical and
horizontal channels, but more recently geometries such as vertical-to-horizontal or nearhorizontal pipes, and vertical-to-inclined pipes have been studied. Excellent reviews for
flooding in vertical tubes were published by Bankoff and Lee (1986) and Tien et al. (1979).
The most widely used correlation for the onset of flooding is that from Wallis (1969),
!JG
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where the dimensionless group j * represents the ratio between inertia and buoyancy forces
for phase k (k=G for the gas phase and k = L for the liquid phase), j * is defined by,

(2)
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where j , p, D, and g are the superficial velocity, density, tube diameter, and gravitational
acceleration respectively. The constants m and C were found by many investigators to be in
the ranges of 0.5 < m < 1.0 and 0.7 < C < 1.0 depending on the test section conditions. The
above correlation can predict liquid delivery throughout partial flooding as well as the point
of complete flooding.
The critical gas flow required to cause zero-liquid penetration, can be obtained from the
above model by setting j * = 0, giving
= C2 = Constant

jr

(3)
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Wallis (1969) proposed the following correlation:
j*

= 0.5

J

(4)

° Critical

which implies a dependence on tube diameter of the form

Pushkina & Sorokin's (1969) correlation for complete carry-up is based on the Kutateladze
number, given by
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where a is the surface tension. The Kutateladze number is similar to j£
based on a characteristic wavelength, t, instead of tube diameter, where
I =

(6)
t

except that it is

(7)

Pushkina & Sorokin found that at zero penetration, Ku = 3.2 for different size pipes. This
implies that the superficial gas velocity must also be constant independent of D, contrary to
Wallis' findings. Later, Wallis and Kuo (1976) and Richter (1981) reconciled the
disagreement by showing that the critical gas velocity at the zero-liquid penetration limit to
be independent of pipe diameter only for D > 10 cm.

Wallis & Dobson (1973) did experiments over a wide range of horizontal channels for cocurrent, counter-current, and zero liquid flow. During their experiments, they adjusted the
channel slope to keep a uniform average liquid depth. The onset of flooding was attributed
to the formation of large waves or slugs. They proposed the correlation for the onset of
slugging as,
Ja

- 0.5 a3'2

(8)

where a is the void fraction.
A theoretical analysis was done to predict the onset of horizontal slugging by Mishima &
Ishii (1980). Their analysis was based on theory of finite waves and the formation of a "most
dangerous wave". The final result was the slug formation criterion for the deep water case.
VG - VL > 0.487 J(pL - pG) ghclpc

(9)

where V k (k=G or L) is mean phase velocity, and hG is the height of the gas phase. For
V G > > V L this criterion becomes
Jo

* 0.487 a 3 / 2

(10)

In this form, agreement with Wallis & Dobson is very good.
For vertical to horizontal bends, Siddiqui et al. (1986) carried out a detailed study to
determine the effects of various geometric parameters. A hydraulic jump was observed in
the water level of the horizontal leg near the bend. As the air flow was increased, the jump
was dragged toward the elbow and eventually a slight increase in air flow initiated slugging
at the crest of the jump, where the gas velocity is maximum. Siddiqui et al. briefly studied
the effect of a slight inclination (about 0.6 deg.) of the horizontal leg. They found that the
hydraulic jump was very sensitive to pipe inclination. For a slight upward inclination, the
gas flow required for flooding was greatly reduced. For a slight downward inclination, the
jump was difficult to see, and the gas flow for flooding was greatly increased. These
observations were also seen by Wan & Krishnan (1986) and Krishnan (1987).
Kawaji et al. (1991a) studied the flooding mechanisms in vertical to inclined pipes, using
inclinations of 112.5, 135, and 157.5 degrees from the vertical. They found that the gas
flowrates for flooding were well above those for vertical to horizontal tubes. These results
were attributed to the fact that no hydraulic jump was observed in the inclined tube. Recent
work by Kawaji et al. (1991b) investigated flooding in three different piping systems
containing multiple elbows and an orifice. All three systems consisted of differently
arranged vertical, horizontal, or inclined sections connected by three elbows. In all cases,
the onset of flooding data agreed well with, or was less restrictive than Ardron & Banerjee's
onset of flooding curve for 90 degree elbows. The mechanism of flooding in the most
restrictive system was attributed to a prolonged hydraulic jump throughout multiple
continuous horizontal sections.

The need to examine the flooding characteristics in geometries similar to those of CANDU
feeders was identified by Shoukri and Abdul-Razzak (1990) and accordingly the present work
was initiated.
The overall objective is to investigate the two-phase counter-current flow phenomena in a
complex geometry relevant to that of the CANDU feeders. To achieve this objective, airwater experiments were carried out using two test sections. The first is modelled after a
typical CANDU reactor feeder tube, with multiple elbows, vertical, and horizontal sections
(referred to as the "0° inclined test section"). The second is basically the same construction
except that all the horizontal sections have a 5 degree downward inclination (referred to as
the "5° declined test section").

2.

EXPERIMENTAL ARRANGEMENTS

2.1

The Test Facility

The test sections examined in the present work are modelled as representations of the
complexity of feeder pipes in a CANDU reactor at approximately 1/4 scale.
The test facility is shown schematically in figure 1. Water from the storage tank was
pumped, filtered, metered and introduced to the mixer. The mixer consisted of two
concentric tubes; the inner was an extension of the 3/4" I.D. test section tube, which had
about 300 holes of 1 mm diameter drilled into it. The water was pumped between the
concentric tubes and entered the inner tube through the fine matrix of holes which promoted
an even water film on the inner wall. Before the air was injected to the lower plenum, the
pressure was regulated, and the flowrate measured. From the lower plenum the air went
through the test section from the lower end, and was exhausted from separator tank. Water
which penetrated the test section was collected in the lower tank. The air/water mixture that
was carried up to the upper tank, was separated. The air was vented, while the carry-up
water was measured and then drained.
2.2

The Test Sections

The 0° Inclined test section, depicted in figure 2, was made of transparent PVC tube of a
nominal 3/4" I.D. (actual I.D. was 0.804"). All elbows were 90 degrees except the two
uppermost which were 45 degrees. Much consideration was given to keep each individual
section as horizontal or as vertical as possible, to avoid any effects of inclination. The lower
end of the test section was connected by a sharp edged flange to the large lower tank. The
upper end was connected to the sinter mixer, where the water was introduced to the inner
wall of the test section.
The 5° Declined test section was made with the same transparent PVC tube as the first test
section. Seven 95° elbows were constructed as close as possible to the 90° elbows with
respect to radius of curvature and inner diameter. The lower end of the test section is con-

nected at a 5° decline to the lower tank by a sharp edged flange. The upper end is
connected, as before, to the sinter mixer.
2.3

Instrumentation and Measurements

The air flow rate was measured through one of three rotameters connected in parallel to
cover the range of 5 - 6 0 0 SCFH. The water feed rate was measured through two parallel
Dwyer rotameters which cover the range of 0.2 to 3.0 GPM (US). The water carry-up was
measured by collecting it in a graduate container while timing it with a stopwatch.
The pressure distribution along the test section and the total pressure drop was measured
from five pressure tappings along the test sections. The lower reservoir was used as the
reference pressure. The pressure drops were measured using a 5 psi pressure transducer
while the lower tank pressure was measured by a 0 - 1 5 psi gauge transducer.
2.4

Test Procedures

Two different test procedures were performed in order to gain insight into the effect of
procedure on the flooding mechanism.
The first test procedure was started by establishing high air flow through the test section,
leaving the test section walls dry. A prescribed water flow was then injected into the mixer,
all of which was initially carried upward because of the high air flow. The air flow was then
slowly decreased in steps, allowing stability to be reached, until the air injection to the lower
tank reached zero. Care was taken to ensure constant water injection throughout the test.
The onset of liquid penetration was determined by the point where water first succeeded to
penetrate the test section. The point of deflooding (onset of flooding) was determined by the
air injection rate at which water no longer was carried above the injection point. Because
flooding actually ceases here, this point is sometimes referred to as 'deflooding'.
The second test procedure was started with no air injection, allowing all of the water injected
to penetrate the test section. The air injection to the lower tank was then slowly increased in
steps, allowing the system to stabilize between each while the water feed rate is kept
constant. The onset of flooding was marked by the condition at which the water was first
carried into the upper tank. The zero-liquid penetration limit was determined by the point at
which water ceased to penetrate the test section.
2.5

Test Conditions

In tests on the 0° inclined test section, the nondimensional water velocity was in the range of
0.06 < j L * < 1.0. For tests on the 5° declined test section, the dimensionless water
velocity was varied in the range 0.06 < j L * < 0.52, due to limitations of the facility. In all
tests the dimensionless air velocity was varied in the approximate range of 0 < j G * < 0.65.
The tests were all conducted near room temperature and atmospheric pressure.

3.

RESULTS AND DISCUSSION

The results obtained in the present work are presented in this section. The results are first
presented in the form of liquid penetration curves, i.e. the water penetration rate vs. upward
air flow rate for various liquid feed flow rates. Later, the data are presented in terms of
flooding conditions.
3.1

Liquid Penetration Curves

i)

The 0° Inclined Test Section

The liquid penetration curves obtained by decreasing air flow are given in figures 3.a to 3.c.
The curves show that the onset of liquid penetration is independent of liquid injection rate
since all curves tend to meet the horizontal axis at a single value of air injection rate.
Deflooding is achieved when the water penetration rate equals the injection rate. The results
show that deflooding occurred at lower air injection rate with increasing water injection
[figure 3.a]. However, for the higher range of liquid injection rate [figures 3.b and 3.c]
complete deflooding was never achieved even after the air flow was reduced to zero. This
was caused by the displaced air from the lower tank being sufficient to cause some carry-up
by percolation through the test section.
An interesting feature of the results shown in figure 3.a is that, within the flooding range, all
curves followed a common path as the air injection was reduced. This indicates that, there is
a maximum amount of water that would penetrate the test section for a given air flow. The
existence of a single liquid delivery curve between the two flooding limits has been
confirmed by many investigators. In the present test section, however, the results deviated
from a single liquid delivery curve, for liquid feed rates above j * > 0.2, as the air flow
was reduced to achieve deflooding as shown in figures 3.b and f.c. This was associated with
the occurrence of a cyclic flooding phenomenon. This cyclic flooding phenomenon was
observed for high liquid feed rates when the air injection was reduced below j * = 0 . 1 . A
flooding cycle would typically start when a water slug bridges the horizontal section of the
uppermost 90° elbow between a vertical and a horizontal pipe, elbow no. 1 in figure 2,
which reduces the air flow to near zero and allows the liquid in the test section below this
elbow to drain down to the horizontal sections creating additional blockages to the air flow
passage. As the water continued to drain down, water columns started to form in the vertical
sections of these vertical elbows, as shown in figure 4, in which the lowest vertical-tohorizontal elbow, i.e. elbow no. 9 in figure 2, is depicted. At this moment, the test section
consisted of a series of water blockages at the vertical to horizontal elbows, coupled with
large air pockets which were pushed upward as the columns grow. Finally, the air pressure
in the lower tank approached that required to overcome the hydrostatic head of the water
columns, and the air pocket from the tank approached the lowest elbow, shown in figure 4.
As the air plug from the lower tank reached the lowest elbow, the air accumulated in the
tank was released through the test section in a violent cocurrent burst and most of the water
in the test section was carried up into the upper tank. With the pressure in the lower tank
near zero, the water again rushed down the test section, creating the water blockages and

columns as before. With this, the cycle started again. It should be noted that during these
cycles, water continued to penetrate the test section. As shown in figures 3.b and 3.c the
average liquid penetration was even higher than the common curve. Generally, this cyclic
behaviour was observed to become stronger as the air injection was further reduced, and was
weaker at the same air injection for lower water injections.
Typical recordings of the total pressure drop across the entire test section are provided in
figure 5. It is shown that this behaviour was characterized by a smooth, steady increase in
the total test section pressure drop, followed by a sharp decline. After a short pause, the
cycle duplicated itself quite accurately. The period of the cycles also appeared to increase
with decreasing the air injection rate. However, the amplitude of the cycles appeared to be
less affected by air injection rate. The steady, smooth increase in test section pressure drop
represents the increase in hydrostatic head in the test section as the columns of water were
formed in the test section. Eventually, the air pressure in the lower tank increases to a point
where the hydrostatic head was overcome. The result was the release of the pressurized air
in the test section in a violent cocurrent flow which showed up on the recordings as a sudden
decline in pressure drop immediately after the air was released.
The liquid penetration results obtained by increasing the air flow for a given water injection
rate, not shown, also followed a common curve within the flooding region. In fact, the
common curves for both procedures are very close to one another. However, for the low
range of water injection, the horizontal parts of the penetration curves tended to overshoot
the common penetration curve as air injection slightly beyond those predicted by the common
curve were required to initiate flooding, decreasing the water penetration. Once the onset of
flooding was exceeded, the penetration curves adjusted to the common path. Again for
higher liquid injection rates, cyclic flooding was encountered causing larger water
penetrations than predicted by the common curve.
ii)

The 5° Declined Test Section

The liquid penetration curves obtained by decreasing the air flow rate are presented in
figures 6.a and 6.b. Similar to the 0° test section, the onset of liquid penetration was
independent of water injection rate.
For lower water injection rates, shown in figure 6.a, deflooding occurred once the water
penetration equalled the water injection rate. However, for higher water injection rates,
shown in figure 6.b, complete deflooding never occurred. Again, within the flooding range,
the penetration curves followed a common path for the lower water injection tests which did
not involve cyclic flooding [figure 6.a].
For water injection rates above j L * « 0.26, shown in figure 6.b, the liquid penetration
started to deviate from the common curve with the occurrence of cyclic flooding. As for the
0° test section, the deviation became larger as the cyclic flooding grew in strength. Again it
appears that the cyclic flooding allowed more liquid penetration than would otherwise be
expected.
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The liquid penetration results obtained by increasing the air flow rate showed trends similar
to those observed in the 0° test section except for the conditions at which the flooding limits
are encountered as will be discussed in Sec. 3.2.
3.2

The Flooding Limits

(i)

The Zero-Liquid Penetration Limit

In the experiments carried out with decreasing the air flow rate, the zero-liquid penetration
limit was defined by the first point that water was able to penetrate the test section to the
lower tank. This limit is also referred to as the onset of liquid penetration for this
procedure. In the second procedure, this limit was defined by the first point where water no
longer entered the lower tank, as the air injection was slowly increased.
Figure 7 shows the zero-liquid penetration limits observed for each procedure and test
section. It is clear that for all cases, the zero-liquid penetration limit was independent of the
liquid injection rate. This result is in agreement with results obtained by other investigators
for vertical tubes and bends having diameters less than 10 cm. It is also obvious that
regardless of procedure, the zero-liquid penetration limit occurred at significantly higher air
flowrate for the 5° declined test section. Moreover, the effect of test procedure appeared to
be more pronounced for the 0° test section, comparing between air first and water first
procedures. This is clearly a hysteresis effect.
The results for the zero-liquid penetration limit were empirically correlated as follows.
For the 0° inclined test section:
Vj G * = 0.449
and
Vj G * = 0.495
For the 5° declined test section:
Vj G * = 0.65

with decreasing gas flow

(1)

with increasing gas flow (2)

independent of test procedure

(3)

Figure 7 shows the zero-liquid penetration results for other works that were done on vertical
tubes and elbows.
For the 0° test section, the zero-liquid penetration limit was in the same range as that
predicted by Siddiqui et al. (1986). Siddiqui's tests were done based only on a water first
procedure, and the zero-liquid penetration limit represents the point where water ceased to
penetrate through a vertical and horizontal section connected by a 90° elbow. If one
considers that the zero-liquid penetration limit is controlled by the flow through the most
restrictive element of the test section, and that this element is a vertical to horizontal 90°
elbow, then the general agreement with Siddiqui et al. (1986) is not surprising. The number
or configuration of the elbows in the test section should be irrelevant because each elbow
sees the same air flow rate. The same view cannot be taken in regard to the onset of

flooding/deflooding, because the flow regime present in the present test section near the
flooding/deflooding point are very different from those in a single elbow.
The critical dimensionless gas velocity at the zero-liquid penetration limit for the 5° test
section was significantly higher than that for the 0° test section, but was below the curves for
vertical tubes. However, this limit for the 5 C test section was only slightly below that
predicted for vertical tubes by Wallis' criteria j G * = 0.5.
The limits measured by Shoukri et al. (1991) for both increasing air and decreasing air
procedures for vertical tubes were reached at even higher gas flowrates. Interestingly,
however, procedure showed significant hysteresis for these limits, while procedure had much
less effect on the limits in both complex geometry test sections.
The zero-liquid penetration limit based upon the Kutateladze criterion of Ku = 3.2 for a tube
diameter of 3/4" corresponded to much higher dimensionless gas velocity than for the other
vertical tube data. However, it is generally accepted that prediction based on the Kutateladze
number is only valid for tube diameters greater than about 10 cm.
(ii)

The Deflooding / Onset Of Flooding Limit

In the first test procedure, i.e. decreasing the air flow, the point of deflooding was defined
by the first point at which all of the injected water succeeded to penetrate the test section to
the lower tank, as the air injected was incrementally decreased. In the second procedure, the
onset of flooding was defined as the first point at which water was carried to the upper tank
as the air injection was incrementally increased.
Figure 8 shows the onset of flooding curves for both test sections using the two experimental
procedures. The figure shows that the onset of flooding curves for the 5° declined test
section lay well above those for the 0° test section, and also extended out over a much
higher water injection range. The main reason for this was that because of the declined
sections, the water was able to penetrate much easier, and did not accumulate to near the
depths that it did in the 0° test section. As a result, the slugging effects at the various
elbows was weaker in comparison, and died out at higher air flows, which led to the higher
and broader onset of flooding curves. It was also shown in the figure that procedure had a
much larger effect on the onset of flooding for the 5° declined test section, compared to the
0° test section. For the 0° test section, the onset of flooding points for different procedures
were quite close together. But for the 5° declined test section, a relatively large gap existed
between the two curves. The flow patterns in the test section which existed at the onset of
flooding were what caused this gap.
For low water injections (below Vj L * * 0.3), the curves were actually quite close together.
In this range, at the onset of flooding, the flow was obstructed mainly from the mixer itself.
Accordingly, it appeared that the hysteresis between initiating and stopping flooding from the
mixer was relatively small.
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Figure 9 shows the onset of flooding curves for other works that were done on vertical tubes
and elbows. These works were done using procedures in which the liquid flow was first
established and then the gas was increased from zero. For the 0° inclined test section, which
included only 90° elbows, the onset of flooding was the most restrictive. For low water
injections, onset of flooding was very comparable to the curve proposed by Siddiqui et al.
for 90° elbows. However, at increasing water injection rates, the onset of flooding points
dropped off much more rapidly than Siddiqui's curve. This can be largely attributable to
slugging at the uppermost vertical bend, which so closely governed flooding in the test
section. This is directly related to the geometry of the test section.
Based on the present results, one can recommend the following empirical relationships of the
onset of flooding/deflooding in the present geometry.
For the 0° inclined test section:
j£

1/2

= [0.139 - 0 . 8 2 7 ; / ] 1 / 2 independent of procedure

(4)

For the 5° declined test section:
]*

m

= -0.455 +10.21;/

m

= 1.675 - 9 . 5 0 ; /

m

- 3 2 . 6 4 ; / +28.05;/ 3 / 2

with decreasing gas flow

(5)

and
JQ

1/2

+ 25.77;/ - 2 5 . 5 2 ; /

3/2

with increasing gas flow. (6)

The predictions of the above correlations are superimposed on figure 10.
It should be noted that the simple superposition model suggested be Kawaji et al. (1991b) for
predicting the onset of flooding in complex pipe geometries was unable to predict the present
data.

4.
CONCLUSIONS
Experiments have been performed to investigate two-phase countercurrent flow limitations in
complex geometry test sections, using different test procedures. The first test section used
was essentially a 1:4 scaled-down model representing the complexity of CANDU feeders.
Although geometrical similarity does not ensure hydraulic similarity, the results provide
some insight into the effect of complex geometry on two-phase counter-current flow
limitations, i.e. onset of flooding and zero liquid penetration. The effect of declining the
horizontal parts of the test section by a small angle of five degrees on the phenomena was
investigated with the second test section. Moreover, the effect of test procedure, i.e. water
first vs. air first flooding, was examined.
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Based on the present work the following conclusions are made:
(i)

For a given water injection rate, the onset of flooding in the 0° test section was
encountered at a lower air flow as compared to that for a single elbow, which
suggests that the present test section is more restrictive than a single vertical elbow
with respect to the onset of flooding.

(ii)

The zero-liquid penetration limit results obtained in the present work are in reasonable
agreement with those obtained for a single 90° vertical elbow.

(iii)

In all cases tested, the flooding limit curves for the 5° declined test section were well
above those for the 0° test section; i.e. declining the horizontal sections relaxed the
flooding conditions and accordingly higher gas velocities were required to initiate the
onset of flooding and the zero-liquid penetration limit.

(iv)

The effect of procedure (decreasing vs. increasing air) was found to be minimal
except at the flooding limits, where some hysteresis was apparent. The hysteresis
between the onset of flooding and deflooding was small for the 0° test section, but
much larger for the 5° declined test section. On the other hand, for the zero-liquid
penetration limit, the hysteresis effects were more pronounced for the 0° inclined test
section. In general, the hysteresis effects appear to be less pronounced for complex
geometry as compared to reported results for single vertical tubes.

(v)

It was found that distinct flow regimes existed in the flooding range, i.e. between the
two flooding limits. These flow regimes resulted from the varying degree of
restriction by various parts of the test sections throughout the procedures.

(vi)

Visual observations suggest that, in terms of flow restriction to water flow within the
flooding range, the uppermost vertical-to-horizontal elbow represents a major
restriction, particularly for high water injection rates. For low water injection rate,
the lowest vertical-to-horizontal elbow plays a major role.

(vii)

At high water injection rates, within the flooding limits, a strong cyclic flooding
phenomenon was observed for air injections below j G * * 0.33 in both test sections.
Interestingly, the liquid penetration rate was observed to be higher than would occur
if the cyclic flooding was not present.
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1.

ABSTRACT

Refill experiments were conducted in the Cold-Water Injection Test (CWIT) facility.
The facility was recently modified to include a fuel-element simulator (FES) with an axial
cosine-power distribution and CANDU 6 like end fittings. The objective was to investigate
the quench and refill behaviour of the modified facility.
A detailed characterization of the quench and refill behaviour of the feeders, end
fittings, and channel was obtained. Channel power had no effect on the feeder quench, but
had the effect of delaying the start of feeder refill, resulting in longer refill times. Data were
compared with previous experiments performed with an axial uniform-power distribution and
end-fitting simulators. No significant effect of the end-fitting geometry on quench and refill
times was found. A comparison between a test with an axial cosine-power distribution, and
a test with a uniform power distribution showed little differences in overall channel refill
times.
2.

INTRODUCTION

During some postulated loss-of-coolant accidents (LOCAs) in a CANDU reactor, rapid
channel voiding is predicted, followed by near-zero header-to-header pressure drop in the
breached circuit. Under these conditions, the effectiveness of the emergency coolant
injection (ECI) system in delivering cold water to the reactor core is extremely important.
The refill process involves not only the fuel channels, but also the refill of the end fittings
and feeders connecting the channels to the headers.
To date, many tests have been conducted in the Cold-Water Injection Test (CWIT)
facility using a fuel channel with an axial uniform-power distribution, and end-fitting
simulators. These tests were analysed by Ardron et al. [1] and Wan [2], and have provided
valuable information on the feeder and fuel channel quench and refill behaviour during
simulated LOCA conditions with cold-water injection. During most tests, long feeder refill
time delays were detected [1], and were attributed to the countercurrent flow of steam in the
feeders. Wan [2] concluded countercurrent flow was a dominant mechanism restricting the
propagation of the quench front through the feeders.
The CWIT facility was recently modified to include a fuel-element simulator (FES)
with an axial cosine-power distribution and CANDU 6 (Gentilly-H) like end fittings. These
modifications made the geometry of the facility closer to that of a CANDU reactor. More
thermocouples were installed in various locations of the end fitting, pressure tube, and FES
to detect the propagation of the quench and refill fronts in more detail.

A series of refill experiments was conducted over a range of loop preheat
temperatures, system pressures, cold-water injection flow rates, and break sizes. All tests
were performed with a simultaneous inlet and outlet header break, resulting in near-zero
inlet-to-outlet header pressure drop. The present experiments are compared with experiments
performed prior to the modification of the facility. The effects of channel power, end-fitting
geometry, and the channel axial-power distribution on the quench and refill behaviour are
discussed.
3.
3.1

TEST FACILITY
Facility Description

The test facility, shown in Figure 1, consists of a channel assembly, two headers, inlet
and outlet feeders, two break-simulation devices, a blowdown tank, and a cold-water
injection system. The full-scale channel assembly contains a 6-m long, electrically heated
37-element fuel string. The fuel string has an axial cosine-power distribution with an
average design heat flux of 1.9 W/cm . The heat flux at the centre of the FES is 1.485 times
the average heat flux, and the heat flux at the ends of the element is 0.15 times the average
heat flux. By applying different voltages to the individual FES rings, a radial power
depression ratio of 1.0/0.81/0.72/0.68, from the outer element to the centre element, is
maintained during the tests. This represents a typical CANDU radial power depression ratio
during operating conditions. The channel assembly is housed in a 10-cm-diameter Zircaloy
pressure tube to which full-scale CANDU 6 end fittings are attached.
The end fittings used on the CWIT facility differ from real CANDU 6 end fittings.
The shield plug/latch assembly is replaced by the unheated parts of the FES and the
supporting baffle plates. This difference means the volume of water in the dead space is
two- times smaller, and the combined mass of the unheated fuel string/baffle plates is 2.5
times greater than for a CANDU 6 shield-plug assembly.
Sections of vertical and horizontal feeder piping connect the end-fittings to the
headers. The upper feeder sections consist of 75-mm diameter pipe, while the lower sections
consist of 50-mm diameter pipe. The connected piping represents typical CANDU feeders.
As shown in Figure 1, 50-mm diameter break lines are attached to the top of each
header. Both the inlet and outlet header break lines expand to 200-mm diameter, and
connect to a blowdown tank. For all tests the nominal blowdown-tank pressure was 200
kPa. Blowdowns are initiated by opening pneumatic quick-acting valves installed on both
break lines. To control the size of the breaks, flanges on the inlet and outlet header break
lines allow the installation of different size orifices. A cold-water injection system,
controlled to give a near constant injection flow rate, is connected to both headers. Coldwater is injected into each header through an axial nozzle.
The test facility is extensively instrumented with nearly 250 data channels being
recorded. Thermocouples are used to measure fluid, the pipe-wall and heater surface
temperatures. Differential and gauge pressure transmitters measure the local pressures at
various locations on the loop. A gamma densitometer is installed on the vertical section of
each feeder line near the fuel channel elevation. Locations of instrumentation are shown in
Figure 1.
3.2

Test Procedures

To achieve near zero header-to-header pressure drop, the facility is set up using a
symmetric inlet/outlet header break, with cold-water injection into both headers (double-

break, double-injection configuration). The initial conditions are established by circulating
superheated steam, at approximately 300°C, through the loop until the piping is a few
degrees above the desired preheat temperature. Channel power is periodically applied during
preheating to ensure similar inlet and outlet feeder surface temperatures. The steam flow is
then shut off, and the desired system pressures are established. For some tests, power is then
applied to the FES. Data logging is started and blowdown (depressurization) of the loop is
initiated by opening the quick-acting valves in the discharge lines of both headers. Coldwater injection begins when the header pressures drop below 1.5 MPa. A test was ended
when either the channel refilled, or when the channel power was tripped due to high FES
temperature (780°C).
A total of nine refill experiments were performed (tests 1465 to 1473). The
independent variables for these experiments were initial feeder temperature, initial pressure,
channel power, and break size. Three representative tests were chosen for analysis purposes.
4.

ANALYSIS OF QUENCH AND REFILL TIMES

Test 1465 is analysed to obtain detailed information about the quench and refill
behaviour. Conditions for this test were as follows: 50-mm break size for both inlet and
outlet, initial pressure of 5.3 MPa, initial preheat temperature near 295°C, nominal cold-water
injection flow rate of 6 kg/s (3 kg/s into each header), and a channel power of 50 kW
(maximum achievable power without tripping the power). Although the conditions for other
tests were different, the method of analysis and general behaviour are similar. Measured
surface and fluid temperatures, differential pressure across the channel, and void fraction
measurements were used to investigate the propagation of quench and refill fronts in the
headers, feeders, end-fittings, and channel.
Thermocouple measurements are used to detect the propagation of the quench and
refill fronts. Before a detailed analysis of the surface temperature behaviours is presented, it
is necessary to define the criteria used in determining the quench and refill times. The
present analysis uses the same criteria reported in [2]. Quench occurs when the surface
rewets, resulting in a rapid increase in the heat transfer coefficient. Quench is indicated by
the rapid decrease in surface temperature towards the saturation temperature. The surface is
presumed to have refilled when the surface temperature dropped below, and remained below,
the saturation temperature. Figure 2 shows the typical response of thermocouples installed
on the top and bottom surfaces of a horizontal section of the inlet feeder.
4.1

Propagation of Quench Front

Quench and refill times for various locations are shown in Figure 3. All quench and
refill times in the present analysis are referenced to the start of the blowdown. The
horizontal ordinate is the length, converted to linear distance, from the centre of the channel.
For the horizontal feeder, end fitting, and channel sections, only the quench and refill times
at the bottom locations are shown. Both headers quenched shortly after the injection of cold
water. After quenching of both headers, water began to penetrate the upper sections of the
inlet and outlet feeders. The steam generated during water contact with the hot feeder wall
had two directions to flow; countercurrent to the downward flow of water or cocurrent with
the water flow. In horizontal feeder sections the bottom of a feeder pipe quenched before
the top, as shown in Figure 2. Quenching of the top horizontal feeder sections occurred later
because of flow stratification. Thermocouple TS45, located on the bottom vertical section of
the inlet feeder, indicated a much longer quench time compared with the surrounding
thermocouples. It is believed that the liquid entering the vertical feeder sections did not
contact the pipe wall long enough to quench the pipe. Thermocouple TS3 indicated

quenching before TS45 because of the lower initial surface temperature in the vicinity of the
gamma densitometer.
The quench front initially advanced more rapidly in the outlet feeder. The front
reached the location of TS29 within approximately 20 seconds of the blowdown. The upper
sections of the outlet feeder quenched first because of the lower initial surface temperatures
at the top sections of the outlet feeder. These lower temperatures were due to the presence
of condensate in the upper sections of the outlet feeder during preheating. Quenching of the
outlet feeder ceased as the quench front reached the location of TS29. It is believed the
quench front stopped advancing because of the higher surface temperatures in this section of
the outlet feeder. The quench front then started advancing in the inlet feeder. Because of
the flow of superheated steam towards the outlet header, the upper section of the outlet
feeder that had quenched during the initial stages of the experiment heated up. Much later in
the experiment, the upper section then quenched again as the quench front advanced through
the entire outlet feeder. Quench times were taken as the time of the last quench.
Figure 4 shows the differential pressure (DP) measured across the channel. During the
quenching of the inlet feeder, the channel DP was mostly positive, indicating the flow of
steam, or high quality mixture, from the inlet feeder to the outlet header. This flow of steam
resulted in countercurrent flow in the outlet feeder, and probably halted the advancement of
the quench front in the outlet feeder. Most of the outlet feeder did not quench until after the
majority of the inlet feeder had refilled.
Quenching of the bottom of the inlet end fitting occurred before the entire inlet feeder
was quenched. This occurred because injected liquid reached the end fitting without wetting
the bottom vertical surface of the inlet feeder, or the top of horizontal feeder sections.
Quenching at the top of the end fitting took significantly longer than the bottom section, and
did not occur until larger volumes of injected liquid reached the end fitting. This happened
when the inlet feeder began to refill.
A long delay occurred between quenching of most of the end-fitting and quenching of
the channel began. This delay was probably due to the high temperatures of the heated fuel
elements before quenching. Both the bottom of the pressure tube and the bottom of the FES
rapidly quenched at the same time. Again, this corresponded to the refilling of the inlet
feeder. As the channel started to quench, the channel DP (Figure 4) increased due to the
higher steam flow towards the outlet header. As shown in Figure 5, quenching of the
pressure tube occurred systematically, progressing from the bottom towards the top of the
pressure tube. The longest quench times occurred near the top centre of the pressure tube,
the location of the highest surface temperatures (maximum heat flux is generated by the
FES at the axial centre). Also, channel flow stratification may have delayed the quenching
of the top sections.
Quench times extracted from the FES temperatures showed more complicated
behaviour than the pressure tube, possibly due to the non-uniform-power generation. As
shown in Figure 6, the longest quench times also occurred at the top centre of the FES. The
quench behaviour of other FES elements were quite complicated and did not show consistent
trends. For example, element five, located on the outer ring, showed significantly longer
quench times at the centre compared with locations upstream and downstream, presumably
due to the higher surface temperatures because of the higher heat flux at the centre of the
FES. However, element 37 quenched sooner at the centre compared with locations upstream
or downstream.

4.2

Propagation of Refill Front

As seen in Figure 3, the inlet feeder and end fitting refilled systematically, progressing
from the inlet header to the channel. As the inlet feeder refilled, a hydrostatic head
developed, resulting in a larger driving force for the flow towards the outlet header. The
refilling of the upper sections of the inlet feeder resulted in an increased flow of liquid into
the channel. It is believed the propagation of the quench front through the bottom of the
channel, the outlet end fitting, and the outlet feeder was the result of the increased liquid
flow due to the hydrostatic head as the inlet feeder refilled. Refilling of the outlet feeder did
not occur until after the feeder was completely quenched. The bottom sections of the outlet
feeder refilled almost simultaneously at approximately 510 seconds after the blowdown.
Figures 7 and 8 display the refill times extracted from various thermocouple locations
on the pressure tube and FES, respectively. Refill of the pressure tube generally progressed
from the inlet to the outlet and from the bottom to the top. Refill of the FES was more
complicated than the pressure tube. Compared with the feeders, the top of the channel took
significantly longer to refill. Thermocouple 331, located downstream of the centre of the
FES, indicated the longest refill time. The long refill time for the top of the channel may
partly be the result of low liquid flow through the channel, after the refill of both of the
feeders. As shown in Figure 4, following the refill of both the inlet and outlet feeders, the
channel DP was near zero, indicating a low flow rate between the headers. After both
feeders refilled, the driving force for the flow in the channel was significantly reduced.
5. EFFECT OF CHANNEL POWER
A comparison between tests 1465 and 1466 is presented to study the effects of channel
power on the inlet feeder quench and refill times. Test 1466 was performed with similar
initial and boundary conditions to test 1465. Test 1465 was performed with a channel power
of 50 kW, while power was not applied to the channel during test 1466.
Figure 9 shows the quench times for tests 1465 and 1466. Except the top of the
horizontal inlet-feeder sections and the vertical feeder sections (TS45 and TS39), the
propagation of the quench fronts in the inlet feeder and end fitting was similar. The times
required for the quench front to reach the bottom of the inlet feeder and the end fitting were
similar for both tests, within 10 seconds. The top of the horizontal sections and the vertical
sections (TS45 and TS39) quenched much later during test 1465 with channel power. It is
believed that with channel power more steam would be generated as liquid reached the
channel. The countercurrent flow of steam would prevent certain sections of the inlet feeder
from quenching. These sections did not quench until after the inlet feeder began to refill.
Refill times for both tests are presented in Figure 10. Refilling of the inlet feeder and
end fitting occurred more than 80 seconds later during test 1465. The longer refill times for
the inlet feeder and end fitting indicate channel power had the effect of delaying feeder refill.
A comparison between Figures 9 and 10 shows during test 1466 the inlet feeder began to
refill approximately 15 seconds before the completion on the feeder quench phase. However,
during test 1465 a delay of approximately 55 seconds occurred before the feeder began to
refill. For both tests, the time required for the refill front to propagate through the inlet
feeder was similar. It is believed the refill front is driven by the generated hydrostatic head,
which is not affected by channel power. Thus, the effect of channel power was to delay the
start of feeder refill, but not to effect the time required for the refill front to propagate
through the inlet feeder. The delay in the start of feeder refill is believed to be due to the
higher countercurrent flow rate of steam during test 1465. The countercurrent flow of steam
would restrict the flow of injected liquid into the feeder.

6. EFFECT OF END-FITTING GEOMETRY
Prior to test 1465, end-fitting simulators were attached to the ends of the fuel channel.
The simulators were stand-alone devices mounted in parallel with the fuel channel and
connected to the channel via a short section of piping. A comparison between the CANDU
end fitting and the end-fitting simulator is provided in Figure 11. The end-fitting simulator
was shorter in length than the present CANDU end fitting, but the cross-sectional flow area
was reduced to give a similar flow resistance to the CANDU end fitting. Prior to test 1465,
end-fitting simulators were attached to the ends of the fuel channel. The simulators were
mounted in parallel with the fuel channel and connected to the channel via a short section of
piping. The end-fitting simulator was shorter in length than the present CANDU end fitting,
but the cross-sectional flow area was reduced to give a similar flow resistance to the
CANDU end fitting.
Significant geometrical differences and thermocouple locations on the end fittings
made a direct comparison of the quench and refill times within the end fittings impossible.
Therefore, the end fittings and the channel were treated as a *black box' through which the
quench and refill fronts must pass. Only tests without channel power are considered. Since
no power was applied to the channel, it was assumed only the end fittings may affect the
quench and refill times. The closest measurement locations to the "black box' were TS3 and
TS4 located on the lower vertical sections of the inlet and outlet feeders, respectively.
Table 1 shows the time for the quench front to pass through the end fittings and
channel for tests 1467 and 1402. Test 1467 was performed with CANDU end fittings, and
test 1402 was performed using the end-fitting simulators. It appears that there was a small
increase in the time required for the quench front to propagate through the inlet end fitting,
the channel, and the outlet end fitting for test 1402 with the end-fitting simulator. This was
in part due to differences between the CANDU end fitting and the end-fitting simulator;
however, it should be noted these time differences included the effects of the end fitting, the
channel, and the initial conditions. It is unclear which effects are most significant. Also
shown in Table 1 is the time required for the refill front to propagate through the inlet end
fitting, the channel, and the outlet end fitting. Refill times appeared to be little affected by
the geometrical differences between the end fittings. The effect of the end-fitting geometry
was believed to be small because the refill front was driven by the hydrostatic head in the
inlet feeder, and therefore depended on the feeder height. Differences in the flow resistance
of the CANDU end fitting and the end-fitting simulator were small.
7. EFFECT OF POWER DISTRIBUTION
Quench and refill times for tests 1465 and 1406 are compared to show the effect of
the channel axial-power distribution. Both tests were performed with inlet/outlet header
break size of 50 mm, nominal cold-water injection flow rate of 6 kg/s (3 kg/s per header),
and channel power of 50 kW. Other conditions were as follows:
initial pressure
initial inlet feeder preheat temperature

1465
5.3 MPa
295°C

1406
4.0 MPa
280°C

The radial power depression ratio was the same for both tests; however, the channel
power during test 1406 was uniformly distributed over the length of the FES, and during test
1465 the channel power was distributed as a smooth cosine. Also, end-fitting simulators
were used during test 1406, while CANDU end fittings were used during test 1465. As
discussed in section 5, the end-fitting geometry difference had little effect on the quench and
refill times.

As outlined in section 4, channel power did not affect the time required for the quench
front to reach the channel. As a result, it is expected the channel power distribution should
not affect the propagation of the quench front in the inlet feeder and end fitting. For tests
1406 and 1465, the quench times were virtually the same for locations TS43 and TS3,
indicating the quench front reached the bottom section of the inlet feeder at the same time.
The quench times for various thermocouple locations in the FES are given in Figure
12. It must be noted that the FES temperatures, prior to quench, were more than 50°C
higher during test 1406 because of differences in test procedure. For both tests the bottom of
the FES rapidly quenched at approximately the same time. At the centre element, the
quench times were similar, within 30 seconds. Quench times were slightly longer at the top
ends of the FES during test 1406, possibly due to the higher initial temperatures. Initial
temperatures at the ends of the FES were higher during test 1406 because of the higher heat
flux (linear distribution) than during test 1465 (cosine distribution). Based on the
comparisons given above, the axial power distribution did not affect the time required for the
quench front to reach the channel. Quench times for the FES were similar; however, it is
uncertain what effect the differences in the initial FES temperatures had on the quench times.
During test 1465, the refilling of the inlet feeder was delayed by approximately 30
seconds compared with test 1406; however, the time required for the refill front to advance
through the feeder was similar for both tests. This indicated the velocity of the refill front in
the inlet feeder was similar for both tests. The reason for the refill delay during test 1465 is
unknown, and cannot necessarily be contributed to the channel power distribution.
Figure 13 gives the refill times extracted from various thermocouple locations in the
FES. The bottom of the FES refilled quicker during test 1406. All of the thermocouples on
the bottom, downstream end of the FES did not refill during test 1465. The thermocouples
on the centre of the FES (element 37) were located at different axial locations for each test;
however, for the thermocouples shown, the centre element appeared to refill at approximately
the same time for both tests. Refilling of the top of the FES took longer during test 1465
(cosine distribution); however, much of this can be attributed to the more than 30 second
delay in the refilling of the inlet feeder. During test 1465, long refill times for the top centre
of the FES occurred because the refilling of the top of the channel was delayed until after
both feeders have refilled. As discussed in section 3.2, the liquid flow through the channel
dropped to near zero after both feeders refilled.
8.

CONCLUSIONS
-

Compared with previous tests [2], more extensive instrumentation in the end fittings
and channel provided a more detailed picture of the quench and refill behaviour.

-

Following the blowdown, the quench front entered the upper sections of both feeders;
however, the quench front preferentially propagated through one feeder into the end
fitting and channel. The longest time delay occurred during feeder quench.

-

Refill of the feeder, end fitting, and channel occurred after the feeder was quenched.
Refill of the channel generally progressed in the direction of the refill front
propagation, and from the bottom of the channel to the top. The time required to
completely refill the channel was significant, and was comparable to the duration of
feeder refill.

-

Channel power did not affect the time required for the quench front to propagate
through the inlet feeder and end fitting; however, it had the effect of delaying the start

of feeder refill. Once the feeder began to refill, channel power did not affect the time
required for the refill front to reach the channel.
-

The present tests, performed with CANDU end fittings, were compared with previous
tests performed with end-fitting simulators. The effect of the end-fitting geometry on
the quench and refill times was small, despite the differences in cross-sectional flow
area, heated-surface area, and heated mass.

-

The channel power distribution did not appear to affect the overall quench time for the
inlet feeder. Overall feeder, end fitting, and channel refill times were slightly longer
during test 1465 with a cosine-power distribution; however, this could not be attributed
to the difference in channel power distribution.
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TABLE 1
QUENCH AND REFILL TIMES ACROSS CANDU AND SIMULATED END FITTINGS
Initial
Pressure
(MPa)

Initial
Temperature
(°C)

1467

4.9

1402

4.1

Test No.

Time Difference Between
TS3 and TS4 (seconds)

End Fitting
Type

Quench

Refill

265

62

83

CANDU6

265

85

90

End-fitting
simulator

BLOWOOWN VALVES
ANO BREAK

Figure 1: Schematic Diagram of CWIT Facility
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Figure 2: Feeder Surface Temperatures at TS35 and TS36 During Test 1465

600

8 I

61

s»

500-

400

°a a

' *

n

300-

A A

a
200-

AA

a
a
D

a QUENCH BOTTOM

100

-25

A REFILL BOTTOM

-20

-15

-10

-5

0

5

10

15

20

25

DISTANCE (meters)

Figure 3: Quench and Refill Times at Various Loop Locations During Test 1465
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In CANDU reactors, during a postulated loss of coolant accident (LOCA), the water
coming from the inlet and outlet headers enters the fuel channels through the feeder pipes
which consist of vertical and horizontal runs. In some feeders, orifices and/or venturi type
flow obstructions are installed for flow adjustments and measurements. Steam produced
in the feeders and/or in the fuel channels may flow in the direction opposite to that of
the water, thereby creating vertical and horizontal counter-current two-phase flows in the
feeder pipes. Under these conditions, the rate at which cooling water can enter the fuel
channels may be limited by the flooding phenomena. Thus, knowledge of the flooding
phenomena in a geometry similar to the header-feeder system in a CANDU reactor is
of prime importance in the safety analysis of nuclear reactors in order to improve the
prediction of the time required for the emergency cooling injection system to refill the fuel
channels. This paper presents data on the effects that an orifice has on counter-current
flow from the point of inception of flooding up to the zero penetration limit in vertical
tubes and in test sections containing vertical and horizontal runs. The influence of an
elbow between a vertical and a horizontal run is also investigated.
2. I N T R O D U C T I O N
Counter-Current Flow (CCF) in general and the Counter-Current Flooding Limit
(CCFL) in particular are of great importance in the area of nuclear reactor safety analysis. In CANDU reactors, during a postulated loss of coolant accident (LOCA), the water
coming from the inlet and outlet headers enters the fuel channels through the feeder pipes.
These pipes consist of vertical and horizontal runs. In some feeders, orifices and/or venturi
type flow obstructions are installed for flow adjustments and measurements. Steam produced in the feeders and/or in the fuel channels may flow in the direction opposite to that
of the water, thereby creating vertical and horizontal counter-current two-phase flows in
the feeder pipes. Under these conditions, the rate at which cooling water can enter the fuel
channels may be limited by the flooding phenomena. During flooding, the liquid is partly
entrained in the same direction as the steam flow. The liquid delivery is greatly affected
by the geometry of the feeder pipes, shape and number of fittings, flow area restrictions
and the way the feeder pipe is connected to the header and to the end-fitting. Thus,

knowledge of the flooding phenomena in a geometry similar to the header-feeder system
in a CANDU reactor is of prime importance in the safety analysis of nuclear reactors in
order to improve the prediction of the time required for the emergency cooling injection
system to refill the fuel channels. The objectives of this research are to study the entire
range of counter-current flow phenomena from the onset of flooding up to the zero penetration limit in tubes both with and without flow area restrictions. The influence of a
bend between a vertical and a horizontal run and effects of its interaction with an orifice
on the counter-current flow will also be studied.
3. PREVIOUS WORK
Over the last 20 to 30 years a great deal of experimental and analytical work has been
done on the determination of the flooding point in vertical counter-current two-phase
flows. In CCF the amount of literature available is much too extensive to be presented in
detail, we will therefore mainly concentrate our attention on studies carried out to examine
the entire regime of counter-current flow from the onset of partial delivery (flooding point)
up to the point of zero liquid penetration. Studies done on the influence of the tube lenght
to tube diameter (L/D) ratio and on the influence of an obstruction on the flooding point
will also be examined.
For vertical flows Suzuki and Ueda [1977] carried out experiments in 10 mm I.D. test
sections having lengths of 500, 1000, 1500, and 2000 mm corresponding to L/D ratios of
50, 100, 150, and 200 respectively. For a given liquid flow rate they found that the gas flow
rate at the flooding point was significantly reduced with increasing lengths. Zabaras [1985]
carried out experiments to determine the delivered liquid flow rates as a function of the gas
flow rate in a 50.8 mm I.D. vertical tube for 3 different lenghts below the liquid feed point,
310, 2200, and 3800 mm which correspond to L/D ratios of 6.1, 43, and 75 respectively.
For all cases Zabaras, reported that the delivered liquid flow rate depended only on the
gas flow rate and not on the inlet liquid flow rate. Further, for the two smallest L/D ratios
he reported that the delivered liquid flow rate was identical for a given gas flow rate. For
the largest L/D ratio Zabaras observed that the delivered liquid flow rate was significantly
reduced for a given gas flow rate as compared to the results for the two smaller L/D ratios.
Celata et al. [1990] carried out similar experiments for L/D ratios of 25, 30, 35, 40, and 45
in a 20 mm I.D. test section. They also found that the delivered liquid flow rate decreased
with increasing L/D ratios, furthermore, they found that this effect was more important
at higher inlet liquid flow rates. Like Suzuki and Ueda [1977], Celata et al. [1990] found
that there was an effect for all of the L/D ratios they studied but that the effect was more
pronounced for the larger L/D ratios.
Celata et al. [1989] examined the influence of orifices on the delivered liquid flow rate
under counter-current flow conditions. They carried out their experiments in a 20 mm I.D.
test section without an obstruction and with orifices having /? ratios (/? = Dorif/Dtube) of
0.60, 0.70, 0.75, 0.80, 0.85, 0.90, and 0.95. They found that for a given gas flow rate the
delivered liquid flow rate decreased with decreasing orifice size. For a given orifice they
observed that the delivered liquid flow rate was only a function of the gas flow rate and
did not depend on the inlet liquid flow rate. They also observed that for a given /? ratio
the zero penetration point, the point where the delivered liquid flow rate is zero, was the

same for all the liquid flow rates used during the experiments. Tye et al. [1993] carried
out experiments for the determination of the flooding point in a 19 mm I.D. test section
without an obstruction and with orifices having /? ratios of 0.66, 0.72, 0.83, and 0.90. They
found that the presence of the orifice significantly reduced the gas flow rate required to
initiate flooding for a given liquid flow rate. Further, they found that this influence became
more pronouced for smaller /3 ratios.
Siddiqui et al. [1986] carried out flooding experiments in a vertical to horizontal 90°
elbow for various pipe diameters, lenghts and radii of curvature of the elbow. They found
that at high liquid flow rates a hydraulic jump formed in the horizontal leg close to the
bend and that flooding was caused by slugging which occured at this point. At low liquid
flow rates, for the range of tube diameters that they studied, they found that the hydraulic
jump was very small and difficult to observe. They also observed that the flooding limit
was dependent on the tube diameter, the lenght of the test section as well as on the radius
of curvature of the bend. Their results indicate that for all the liquid flow rates the gas
flow rates at the flooding point were much smaller than those corresponding to flooding in
a vertical pipe. They also found that for the range of tube diameters that they studied the
square root of the non-dimensional superficial gas velocity at the zero penetration point
was constant.
Kawaji et al. [1991] studied the counter-current flooding limit in vertical and vertical
to horizontal and downwardly inclined 51 mm I.D. pipes. For the horizontal pipes their
experiments were carried out using two different lenghts of the horizontal run: 2.54 m and
0,1m. For the longer of the two sections and for low liquid flow rates they also observed
the formation of a hydraulic jump in the horizontal leg downstream of the elbow. Under
these conditions the flooding was observed to be due to the hydraulic jump. Furthermore,
the flooding was found to occur at lower gas velocities than those observed with the vertical
runs only. At higher liquid flow rates the flooding mechanism changed and it was observed
to occur due to slugging near the exit of the horizontal leg.
Kawaji et al. [1993] carried out experiments to determine the flooding point in a
51 mm I.D. test section with multiple elbows and orifices having j3 ratios of 0.55, 0.67
and 0.865. Three different geometrical configurations were studied: double-vertical elbow
in which the second and third elbow are in the vertical plane, double-horizontal elbow in
which the second and third elbow are in the horizontal plane, and double-inclined elbow in
which the second and third elbow are at 45° to the vertical plane. Although there are some
differences in the results for the three different geometries studied, qualitative observations
can be made as to the effects of the orifice size on the flooding point. The authors found
that the orifice having the largest /? ratio had very little affect on the flooding point as
compared to the results without the orifice. For the two smaller orifices they found that
the flooding gas velocities were much smaller than those observed with the largest orifice
and in the no orifice case. Further, the flooding gas velocity was found to decrease with
decreasing orifice /?.
4. TEST FACILITY AND INSTRUMENTATION
The CCF test facility shown in Figure 1 is capable of supporting vertical test sections
as well as test sections containing both vertical and horizontal legs. Water and air at close

to atmospheric conditions are used as the working fluids. The water is supplied to the
test section by a pump connected to a constant head water tank. The liquid flow rate
is controlled in two steps: the coarse control is done using a set of valves and a by-pass
circuit at the pump outlet, and the fine control is done using a set of two different size
parallel needle valves located next to the test section. The temperature of the inlet water
is held constant at 20 ± 0.5° C. The description of the CCF test sections will be presented
in two parts:
1) the vertical test section, and
2) the test section containing both vertical and horizontal runs.
4.1 Vertical CCF test section
Figure 2 shows a schematic diagram of the vertical CCF test section. It is constructed
of 63.5 mm I.D. clear plexiglass tubes to allow flow visualization. The vertical structure
is supported by an aluminum I-beam and the test section is positioned vertically using 4
adjustable supports. The major components are:
• the upper plenum which serves as a collector/seperator for any liquid hold up
during CCF and CCFL experiments,
• the porous wall water injector which consists of a tube with 800 1 mm holes in
the wall,
• the tubular test section which consists of a 2578 mm long vertical test section
with the flanges for orifice insertion. The L/D ratio of this test section is 41.
• the lower plenum which contains the liquid outlet including a water level control
system and the air inlet system. The level control system consists of a 3.45 kPa
(0.5 psid) pressure transducer used as a liquid level transducer. The signal produced by this transducer is used as the process variable input of an electronic level
controler developped at I.G.E. The level control system is capable of maintaining
the water level in the lower plenum constant throughout the entire range of liquid
flow rates, i.e., from full delivery up to the zero liquid penetration point.
4.2 CCF test section containing vertical and horizontal runs
Figure 3 shows a schematic diagram of the test section containing both vertical and
horizontal runs. It is constructed of 63.5 mm I.D. clear plexiglass tubes. The vertical run is
supported by the same aluminum I-beam used for the vertical test section. The horizontal
run is also supported by an aluminum I-beam structure, it is positioned horizontally using
6 adjustable supports of the same type as those used to position the vertical run. The angle
of the test section from the horizontal can be varied as required. The major components
are:
• the upper plenum: same as that used with the vertical test section (Section 4.1),
• the water injector: same as that used with the vertical test section (Section 4.1),
• the tubular test section consists of a 2022 mm long vertical section and a 3327 mm
long horizontal run. The L/D ratio of the horizontal leg is 52. Both the vertical and horizontal runs contain flanges in which an orifice may be placed. The
vertical and horizontal runs are connected by a 90° elbow. The horizontal and

vertical runs are centered in the elbow by two plexiglass collars and are sealed
using O-rings.
• the lower plenum: same as that used with the vertical test section (Section 4.1).
The flow area restrictions (orifices) are installed in the test sections by means of the
flanges designed for this purpose. The positions of these flanges for the test section with
only a vertical run and for the test section containing both a vertical and a horizontal run are shown in Figures 2 and 3 respectively. The orifices are made of stainless
steel plates without a chamfered edge and having a thickness of 1.5 mm. The (5 ratios
(P = Dorif/Dtube) of the orifices used in this research are 0.90, 0.83, 0.77 t, 0.72, 0.66, and
0.55t.
4.3 Instrumentation
The test facility is instrumented to measure liquid and gas flow rates, inlet flow temperatures, and absolute pressures.
• Liquid Flow Rate: The liquid flow rate is measured using "Flow Technology" turbine flowmeters; which cover the range from 0.05 to 4.54 m3/h with an accuracy
of better than 1% of full scale.
• Gas Flow Rate: The gas flow rate is measured using a set of five "Brooks" rotameters; covering the range from 0.085 to 132.5 m 3 //i at an inlet pressure of 2
bars. The accuracy of the rotameters is ±1% of full scale.
• Absolute Pressure: The absolute pressure in the lower plenum is measured using
a "Sensotec" pressure transducer; the range of the absolute pressure covered is
from 0 to 0.14 bars with an accuracy of ±0.25% of full scale.
• Temperature: The temperature of the gas is measured with a thermocouple having
an accuracy of ±0.5 °C which is installed in the delivery line. The temperature
of the liquid is measured with an RTD having an accuracy of ±0.5 °C.
5. EXPERIMENTAL PROCEDURE
In the past, several different physical phenomena have been used to characterize the
flooding point. Some authors identified it as liquid bridging, surface wave instabilities,
inception of droplet entrainment, etc. However, none of these phenomena necessarily
leads to a net upward liquid flow. The liquid that is entrained above the liquid inlet
may subsequently flow downward. As described by Tien et al. [1979], three criteria have
been used by different authors for the characterization of the CCFL: a) point of inception
of liquid entrainment; b) inception of liquid film upflow; and c) zero liquid penetration.
However, for a given liquid flow rate these events occur at significantly different gas flow
rates. Thus, it is obvious that a lack of clarity and consistency in the definition of flooding
will significantly affect the experimental results as well as their interpretaton.
For the above reason, we will clearly state the definition of flooding and the experimental criterion that we will be using in this research. The standard definition of the
counter-current flooding limit, and the one used in these experiments, is (Bankoff and
Lee [1986]): "for a given downward liquid flow the maximum upward gas flow rate for

< Test section containing both the vertical and horizontal runs only.

which full liquid delivery out the bottom of the tube is maintained, corresponds to the
counter-current flooding limit." It is important to note that the counter-current flooding
limit is just a limit for the gas flow rate beyond which only partial liquid delivery out
of the lower end of the test section will occur. This point corresponds to the maximum
gas flow rate for which full liquid delivery still exists, and it is the most widely accepted
experimental criterion for the point of flooding (Dukler, et. al. [1984], and BankofF and
Lee [1986]). Having defined our criterion for the experimental detection of the flooding
point we will now describe the experimental procedure.
The present experiments were carried out by fixing the liquid and gas flow rates and
collecting and weighing the entrained liquid using the collection system located in the
upper plenum. In this manner the entire range of CCF phenomena from the point of
inception of entrainment to the zero penetration point was studied for each liquid flow
rate. In order to minimize the scattering in the data, on average 20 kg of entrained liquid
was collected for each run. The time required to collect this amount of liquid ranged from
approximately 2 minutes for the highest delivered liquid flow rates up to 30 minutes for the
lowest delivered liquid flow rates that were studied. To further minimize the scattering in
the data, for the largest inlet liquid flow rates when an orifice was present in the horizontal
leg the collection was repeated up to three times and the results were averaged. For the
experiments presented in this paper the inlet liquid flow rates range from 0.1 m 3 //i to
2.1 mz/h.
The method used to carry out these experiments differs from that used in Tye et al.
[1993] where the flooding point was determined using a criterion based on a jump in the
pressure measured in the lower plenum. In those experiments the pressure jump was seen
to correspond to the onset of flooding which was in the form of film upflow, as little or
no net entrainment of droplets was observed before this point. A trace of signal produced
by the pressure transducer connected to the lower plenum with increasing gas flow rate
for the 19 mm I.D. test section used in Tye et al. [1993] is shown in Figure 4. It can be
seen that the flooding point as determined visually and indicated on the figure corresponds
to a clear jump in the signal. Figure 5 shows a similar trace for the present test section
(63.5 mm.). In this case the variation in the signal was much more gradual. While it was
observed that a large increase in this signal did occur and, as in the case of the previous
work, corresponded to the onset of film upflow, this behaviour could no longer be regarded
as the inception of flooding. This was due to the fact that a large amount of liquid was
seen to flow upwards, in the form of entrained drops, at gas flow rates lower than the
one required to provoke the film upflow. The current procedure used to carry out these
experiments was thus adopted. Further, it has the added benefit of providing information
on not only the flooding point, which can in general be determined for any inlet liquid flow
rate by finding its intersection with the liquid delivery curve, but also on the entire range
of counter-current flow right up to the zero penetration point.
6. EXPERIMENTAL RESULTS
6.1 Counter-current flow in the vertical test section
The results for the vertical tube without an orifice are shown in Figure 6 where they are
presented in terms of the delivered liquid (liquid reaching the lower plenum) flow rate vs.

the gas flow rate. It can be seen that the gas flow rate required to provoke the transition
from full to partial delivery decreases with increasing liquid flow rates. In the partial
delivery region our results show the same trends as those observed by Zabaras [1985] for
inlet liquid flow rates of 0.1 and 0.2 m3/h. That is to say that the delivered liquid flow
rate is a function of only the gas flow rate and does not depend on the inlet liquid flow
rate. For higher liquid flow rates our results are similar to those of Celata et al. [1990]
in that the delivered liquid flow rate depends on both the gas flow rate and on the inlet
liquid flow rate. The fact that our results are not in complete agreement with those of
Zabaras [1985] for the higher liquid flow rates could very well be a result of the fact that
the maximum liquid flow rate used in the present work is nearly double the maximum
liquid flow rate analyzed by Zabaras. It can be seen that for inlet liquid flow rates of
0.1 mz/h and 0.2 m3/h the variation of the delivered flow rate with increasing gas flow
rate is very smooth throughout the entire partial delivery region. At higher liquid flow
rates there is an initial large drop in the delivered liquid flow rate followed by smooth
decrease with increasing gas flow rates. It has been observed visually that in the partial
delivery region the liquid upflow occurs due to two mechanisms droplet entrainment and
film upflow. At low gas flow rates the liquid upflow is in the form of entrained drops only
which are carried upwards by the gas flow. At higher gas flow rates the total liquid upflow
is a result of a combination of both entrained drops and film upflow. The delivered liquid
(i.e., that which reaches the lower plenum) is in the form of a liquid film that becomes
thinner and thinner with increasing gas flow.
Figure 7 shows the results of the experiments carried out for vertical counter-current
flow with various size orifices installed in the test section. They are presented in terms
of the delivered liquid flow rate v.s. the gas flow rate. It can be seen that for a given
orifice the delivered liquid flow rate depends only on the gas flow rate and not on the inlet
liquid flow rate. It can also be seen that for a given gas flow rate the delivered liquid flow
rate decreases with decreasing /? ratios. These results are very similar to those obtained
by Celata et al. [1989] for a 20 mm vertical pipe. Examining Figure 7 it can be observed
that the gas flow rate corresponding to the zero penetration point is unique for a given
orifice and completly independent of the liquid flow rate. This trend was also observed by
Celata. For the experiments with orifices the phenomena governing the liquid delivery is
different than that described for the experiments without the orifice. The gas flow causes a
pulsating column of gas and entrained liquid to form, just above the orifice. The magnitude
of the gas flow rate determines how much liquid penetrates the orifice and how much gets
trapped above it and thus carried upwards by the gas. This phenomena was much more
noticeable for small orifices.
6.2 Counter-current flow in the test section with vertical and horizontal runs
Figures 8 and 9 show the delivered liquid flow rate vs. the gas flow rate for the test
section containing both vertical and horizontal legs. Seven different cases were studied
experimentally. They are the no orifice case and the cases for orifices having /? ratios of
0.90, 0.83, 0.77 0.72, 0.66, and 0.55. It can be seen that similarly to the results obtained
for the various orifices in vertical flow, the delivered liquid flow rate for the no orifice case
and the case with the orifice having a /? ratio of 0.90. The results shown in Figures 8 and 9

are similar to those of Kawaji et al. [1993] in that largest orifice used in these experiments
had only a very small influence on the delivered flow rate as compared to the unobstructed
case. Further our results show that this observation can be extented from the flooding
point studied by Kawaji et al. [1993], through the entire partial delivery region right up
to the zero penetration point. In the current experiments the hydraulic jump was not
observed to play a role in the flooding mechanism. This is to be expected in view of the
diameter of the test section and the range of liquid flow rates covered in these experiments,
as Siddiqui et al. [1986] found that at the low liquid flow rates the hydraulic jump was
very small and difficult to observe.
For the experiments with no orifice installed in the test section it was visually observed
that the disturbance that lead to partial liquid delivery always formed in the elbow. As
the gas flow rate was increased entrained droplet were observed in the gas stream in the
vertical leg above the elbow these droplets did not however neccessarily lead to the onset
of flooding as they were frequently seen to be redeposited into the liquid film only a few
centimeters above the elbow. A further increase in the gas flow rate was necessary to
provoke flooding. The mechanism governing the partial delivery was very similar to the
case of a vertical tube containing an orifice. A pulsating column was formed in the vertical
leg which caused large amplitude waves to form in the horizontal leg that were subsequently
driven back into the elbow by the counter-current gas flow and upward to the collection
system.
For the smaller orifices (/? = 0.55 to 0 — 0.83) the results are quite different than those
observed for the other two cases shown. At very low gas flow rates the delivered liquid flow
rate decreases very rapidly with increasing gas flow rates. It was visually observed that
in this region a very densely packed bubble column, with the occasional TayJor bubble
rising through it, was formed in the vertical leg. The liquid upflow was mostly due to
entrainment in this bubble column. The passage of the Taylor bubbles caused periodic
increases in the liquid upflow. In the horizontal leg large slow moving plugs carried the
gas into the elbow. At gas flow rates between approximately 8 and 20 (m3/h) it can be
seen that a plateau is reached in the delivered liquid flow rate and that the liquid delivery
is almost independent of the gas flow rate. In this region it was visually observed that the
liquid upflow was mostly in the form of very fast moving slugs. The slugging frequency
decreased with increasing gas flow rate. At even higher gas flow rates the delivered liquid
flow rate was seen to decrease quite smoothly with increasing gas flow rate. In this region
a wavy stratified flow existed in the horizontal leg, the waves were seen to travel in the
direction of the gas flow while the liquid substrate travelled in the opposite direction. The
liquid level of this stratified flow decreased with increasing distance from the elbow. From
time to time a wave bridged the tube near the elbow and a slug was formed which was
carried into the vertical leg by the gas flow. For the experiments with an orifice installed
in the horizontal leg the mechanism was similar to that observed in the case without the
orifice. The major difference was that the wave produced by the pulsating column was seen
to be reflected by the orifice and travelled back towards the elbow; it was then possible for
this wave to interfere constructively with those waves generated by the pulsating column
above the elbow. If the height of the wave resulting from the meeting of the incidentand
reflected waves was sufficient to bridge the tube, a liquid slug resulted which was then

blown violently back into the elbow and into the vertical leg. For smaller orifices the liquid
level in the horizontal leg and the size of the wave reflected from the orifice both increased.
This resulted in more frequent and more violent slugging behaviour being observed for the
smaller orifice.
Another interesting observation is that the gas flow rate corresponding to the point of
zero liquid penetration for a given orifice as well as for the no orifice case is the same for
all the inlet liquid flow rates. A similar observation for results without an orifice was made
by Siddiqui et al. [1986]. A further point of interest is that, while by strict definition, as
soon as Qi delivered is less than Qt injected the flooding point has been reached, however,
Figures 8 and 9 show that a large increase in the gas flow rate is still required to reach the
point of zero liquid penetration.
7. CONCLUSIONS
Experiments were carried out to study the entire regime of counter-current flow from
the point of onset of entrainment up to the zero penetration point in a vertical test sectionand in a test section containing a vertical and a horizontal run both with and without
orifices. In the vertical test section it was found that for a given inlet gas flow rate the
delivered liquid flow rate decreased with decreasing orifice /?. Further, the delivered liquid
flow rate was always less than that for the corresponding case without an orifice.
In the test section containing a vertical and a horizontal run it was observed that a
significant change occured in the flooding mechanism for the smaller orifices. The delivered
liquid flow rate was controlled by a mechanism of wave production due to a pulsating
column in the vertical leg and wave reflection due to the presence of the orifice. It was
further observed that for all the orifices studied the zero penetration point was only a
function of the orifice /? ratio and of the gas flow rate and was independent of the inlet
liquid flow rate.
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Abstract
In two-fluid modelling, accurate prediction of the interfacial transport of mass, momentum and
energy is required. Experiments were carried out to obtain a data base for the development of
interfacial transport models, or correlations, for subcooled water-steam flow in vertical conduits. The
experimental data of interest included the area-averaged void fraction, interfacial area concentration,
interfacial condensation heat transfer and bubble relative velocity. The interfacial area concentration
was obtained by measuring the distributions of bubble volume and surface area as well as the areaaveraged void fraction at various axial locations in subcooled water-steam condensing vertical upward
flow under low flow rate and low pressure conditions. The bubble size and surface area were
determined using high speed photography and digital image processing techniques. The area-averaged
void fraction was measured by a single beam gamma densitometer. The interfacial heat transfer
coefficient was obtained by monitoring the rate of change of the volume of individual bubbles as a
function of the void fraction, local subcooling and mass flux. The data was used to develop
correlations for interfacial area concentration and interfacial heat transfer coefficient. The proposed
correlations are suitable for use as closure equations in existing two-fluid model based computer
codes.

1. Introduction
Subcooled liquid-vapour bubbly flow in vertical conduits is encountered in many industrial
applications. The small pool-type low pressure reactors designed by Atomic Energy of Canada
Limited, i.e. SLOWPOKE and MAPLE, are based on an "open-chimney-in-pooP concept. Under
abnormal conditions, subcooled flow boiling is expected in the core and the resulting steam-water
mixture will rise into the chimney where the vapour bubbles condense. In the analysis of the above
conditions, the two-fluid model is typically used. In this formulation, the two phases are described
separately in terms of averaged phasic mass, momentum and energy equations. Moreover, the
interactions between the two phases are modelled by interfacial transfer terms to account for
interfacial mass, momentum and energy transport.
For practical applications, the one-dimensional two-fluid model can be simplified as follows:
Continuity equation:

Momentum equation:
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Energy equation:
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In the above equations, the subscript k refers to the phase k (k = g for the vapour and k = f for the
liquid). The terms on the right-hand side of the above equations represent the interfacial transport
terms. I \ is the rate of mass transfer into phase k per unit volume, F,* is the wall friction force on
phase k per unit volume, F, is the interfacial force term, F u is a term representing the exchange of
momentum associated with mass transfer, q; is the interfacial heat exchange rate and qwk is the wall
heat transfer rate. The interfacial force term Fjis typically made of two terms, a drag force term and
a virtual mass term.
The interfacial transport terms are typically modelled as the product of the interfacial area
concentration a< and a driving force as,
(Jnterfacial transfer term) « a, x (Driving force)

(4)

where a; is the interfacial area per unit volume. For example, the interfacial mass transfer term is

typically modelled as,

where n \ is the mass generation rate per unit surface area. The interfacial heat transfer rate, 4 , can
be written as,
qt = a, \ (Tt -Tk)

(6)

where h; is the interfacial heat transfer coefficient.
The above formulation shows the need for accurate knowledge of a number of interfacial parameters;
particularly the interfacial area concentration and heat transfer rate.
The present study was conducted to obtain experimental data on interfacial area concentration and
interfacial heat transfer coefficient in a typical subcooled water-steam bubbly flow. The results
reported herein are part of a research programme aimed at the development of advanced analytical
tools for the analysis of small pool-type reactors supported by Atomic Energy of Canada Ltd. The
work was driven by the fact that all available correlations for interfacial area concentration are based
on adiabatic gas-liquid flow data. Moreover, available interfacial heat transfer correlations are base
on the condensation of single bubbles in subcooled liquid.
2. Experimental set up and procedure
2.1. Test loop
A schematic of the test loop is depicted in Fig. 1. The low pressure circulating loop consists mainly
of a 20 litre holding tank, in which the water temperature is controlled by an immersed electric heater
and an immersed cooling coil, a circulating pump, a preheater and the test section. Degassed distilled
water from the holding tank is pumped through a rotameter and a preheater to the bottom of the
vertically mounted annular test section. The test section contains a heated section, where vapour
bubbles are formed, followed by an unheated section, where the vapour bubbles are condensed. The
single-phase water at the test section outlet is pumped back to the holding tank where its temperature
is regulated. The system pressure and flow rate are controlled by two valves, located downstream
of the test section and the circulating pump.
2.2. Test section
The test section is a vertical concentric annular test section. The inner tube consists of three sections.
The middle section of the inner tube is a 12.7 mm outside diameter, and 30.6 cm long, thin-walled
stainless-steel tube (0.25 mm thickness) which is electrically heated. This heated section is preceded
and followed by 34 cm long, and SO cm long, thick-walled copper tubes having 12.5 mm outside
diameter. The entire inner tube is connected to a 55 kW DC power supply. Accordingly, heat was
generated uniformly in the middle section of the inner tube. The outer tube is a 25.4 mm inner
diameter plexiglass tube that permits visual observation. The flow that enters the annulus develops
through the first unheated section of the annular test section. Voids, which are generated in the heated

section, collapse in the unheated section that follows it. This arrangement was found convenient to
examine both vapour generation and condensation separately. However, the present study was carried
out in the downstream unheated section to investigate the interfacial area parameters in two-phase
subcooled water-steam condensing flow. A square cross sectional plexiglass shield was put around
the outer tube and filled with water during photography to reduce light reflection and refraction. Any
small change in the inlet temperature to the condensing region was compensated for by readjusting
the preheater.
2.3. Measurements and instrumentation
The measurements carried out during the present experiments included the measurement of test
section inlet and exit fluid temperatures, subcooling temperature distribution along both the heated
and unheated regions, flow rate, pressure at the test section inlet as well as the area-averaged axial
void fraction distribution along the downstream unheated region. High speed photography and image
processing techniques were used to obtain data on the local bubble size in the condensing region. The
flow rate was measured using a calibrated rotameter, which had an estimated error of ± 2 % . The test
section inlet and exit temperature, as well as the preheater inlet temperature, were measured using
calibrated platinum resistance temperature detectors. The subcooling along the condensation region
was measured using J type thermocouples.
A single beam gamma densitometer was used for void fraction measurements. It consisted of a 75
mCi Cobalt-57 sealed line source and a cubic Nal (Tl) scintillator. The densitometer was operated
in the count mode. The main signal processing components were similar to those reported by Chan
and Banerjee (1981). The gamma source and the scintillator were mounted on a vertical traversing
table to obtain the axial void fraction distribution. For the present gamma densitometer design, the
sensitivity to water content was about 20%. The sensitivity to water content is defined by S=(N! No)/N, where N, and No are the counts for the empty and liquid filled test section, respectively, and
N is the mean value. The statistical error was reduced by counting for a relatively long time (usually
five minutes) with a typical count of 300,000. The corresponding statistical error is estimated to be
less than 1%. The system was statically calibrated. The static calibration tests showed that, for the
range 0 . 0 2 < a < 0 . 3 , the errors were in the range of ±4%. The static calibration was conducted
using a section similar to the test section which included an inner metallic tube, 25.4 mm ID
plexiglass tube and a square plexiglass shield. The liquid phase was simulated by a lucite plug, while
the voids were generated by drilling holes into the plug.
A high speed video system, Kodak Ektapro EM Motion Analyzer, which can run up to 1000 frame/s
and has 200x190 pixel resolution, was used to visualize the condensing bubbles from two orthogonal
sides simultaneously. Three prism mirrors were used to obtain two images by the same camera. The
camera and light setting are shown in Fig. 2. Two light sources were used. A fibreoptic illuminator
(150 W) with two branches was used to illuminate the test section from the back. A Video light (150
W) was used to illuminate the test section from the side. Sand blasted glass plates were used as light
filters between the back light sources and the object. The camera, the mirrors and the light were
mounted on the vertical traversing table to visualize the flow along the test section. The high speed
video camera was equipped with a Macro-Takumar 1:4/50 mm lens to focus on an area of 28x25
mm. The recorded frames in the processor (the capacity of the processor is 400 frames) were stored

on a video tape. About 800 frames were stored for each axial location. The images stored on the
video tape were transmitted, using a VCR, to a frame grabber installed in a host personal computer.
The frame grabber was a Data Translation DT-2803 single board microprocessor-based system
providing 6-bit digitization of the RS-170 monochrome signal. The resolution of the frame grabber
is 240x256 pixel. The frame grabber output was displayed on a video monitor. A Logitech
Logimouse was interfaced with the computer to facilitate the fast and accurate curser movement
needed to identify the required coordinates. The main components of the system are shown in Fig.
3. A bubble tracking and measuring system, which was developed by Mosher (1989), was modified
to measure the size of various bubbles in the two images. As the scale used was usually 0.15
mm/pixel, and considering that the curser movement resolution is 3 times finer than the grabber
resolution, the measurement should be accurate within ±0.1 mm.
3. Experimental Results and Data Reduction
Eight tests were carried out at various levels of mass flow rate, power and subcooling. The test
conditions are listed in Table 1. The void fraction measurements and the photography of the flow
field were conducted at one centimetre intervals along the condensing region of the test section. The
void fraction distributions along the condensing section are shown in Fig. 4. As shown, the rate of
void collapse increased as the subcooling was increased. Representative sample photographs of the
condensing bubbles are shown in Fig. 5.
To measure the volume and surface area of individual bubbles, they were divided into two categories;
small nearly spherical bubbles and large elongated bubbles. The volume and the surface area of the
small bubbles were calculated by measuring two diameters in each view. The measured diameters
were the maximum diameter and that perpendicular to the maximum diameter as shown schematically
in Fig. 6a. The cross section area was assumed to be elliptical and the two measured diameters were
considered the maximum and the minimum diameters. The bubble volume and surface area were
calculated by rotating this cross section around the maximum diameter. This was done for each view
and the bubble volume and surface area were considered the average of the two. For these nearly
spherical small bubbles, the ratio d^/dL,, was typically less than 1.5 and the mean diameter less than
4 mm. For the elongated bubbles, the surface area and volume of the individual bubbles were
estimated by slicing each bubble into six slices as shown in Fig. 6b. The upper and the lower sections
of each bubble were considered to be spherical domes. The inner sections were considered parts of
conical surfaces whose two bases were assumed to be elliptical. The two diameters measured at a
certain horizontal level, obtained from the two views, were considered the maximum and the
minimum diameters of the elliptical base.
To calculate the interfacial area concentration at each axial location, the average bubble volume and
surface area at each axial location were calculated as follows:
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The mean Sauter bubble diameter at any given axial location was defined by:
M

K

(9)

The mean Sauter bubble diameter was found to increase as the void fraction is increased. The relation
between the interfacial area concentration, void fraction and mean Sauter bubble diameter at various
axial locations is:
0(

, « dt = 6±*

(10)

It should be noted that estimating the interfacial area concentration using Equation 10 is based on the
measured average bubble volume and interfacial area, i.e. independent of whether the bubbles are
spherical or not.
To calculate the interfacial heat transfer coefficient, The bubble history was then obtained by tracking
the volume and surface area of individual bubbles. This procedure was carried out at time intervals
of 1 or 2 ms depending on the framing speed used. Fig. 7 shows a typical sample of the results for
a number of condensing bubbles at a given axial location. Since the duration of bubble passage
through the field of view was small as compared to the total bubble life, the rate of change of the
diameter of each bubble with time appeared constant within the field of view as depicted in Fig. 7.
Accordingly, the rate of change of bubble diameter with time (dIVdr) was calculated for each
bubble. The average rate dDb/dr was then calculated for each axial location. The average interfacial
condensation heat transfer coefficient at that location was obtained using the energy balance at the
interface,

The bubble condensation Nusselt number was calculated using the measured mean Sauter bubble
diameter at the same location,
(12)

The data was also used to obtain the relative bubble velocity, which is a parameter required for
calculating the bubble Reynolds number. The absolute bubble velocity was determined by measuring
the displacement of each bubble during a known time period. The displacement was measured by

marking the upper and lower points of each bubble from the time of its appearance in the field of
view until it disappeared. This procedure was carried out for 1400 bubbles. The average absolute
bubble velocity at each axial location was obtained by averaging the measured individual absolute
bubble velocities. The mean bubble relative velocity was calculated from the difference between the
mean absolute bubble velocity and the mean liquid velocity at the same axial location. The mean
liquid phase velocity was determined by solving the continuity equation using the known flow rate
and the measured area-averaged void fraction at the same location.
4. Analysis and correlation of the results
4.1 Interfacial area concentration and bubble diameter
The measured interfacial area concentration versus the void fraction is shown in Fig. 8 for different
values of mass flux and inlet void fraction and liquid subcooling. For each experimental run, the data
points represent the area-averaged void fractions and interfacial area concentrations measured at
various elevations along the test section. It is clear from Fig. 8 that the interfacial area concentration
is a strong, but may not be a unique, function of void fraction. Closer examination of the data has
shown that the interfacial area is also a function of mass flux as will be discussed later.
The present data were compared with existing correlations, which are given in Table 2. The
agreement was found unsatisfactory. In general, the lack of agreement between the present data and
the predictions of available correlations can be attributed to differences in flow configuration, flow
regime, bubble generation mechanism and the fact that the present data was obtained for single
component subcooled condensing two-phase flow, i.e. continuously evolving flow, while the existing
correlations were developed for adiabatic two-component flow.
To correlate the present data, a simple dimensional analysis was performed. The interfacial area
concentration was assumed to be a function of the above parameters, as well as the thermophysical
properties of the fluids. Attempts were made to correlate the data in terms of the resulting
dimensionless groups using standard regression analysis. The best correlation was found to be in the
form;

- 2.91 a^/Rer2

(13)

where the characteristic length used in the Reynolds number equals the inverse of the interfacial area
concentration. The correlation coefficient was 97.3%. An explicit equation for the interfacial area
concentration can be deduced from Equation (13) in the form:
0-S5

The experimental data are compared with the predictions of the proposed equation in Fig. 9 where
95% of the data lies within ±10% of the predicted values.
It is interesting to note that the proposed correlation is in a dimensionless form and has the correct

limit, i.e. the interfacial area vanishes at zero void fraction. Within the range of conditions tested in
the present work, the interfacial area concentration appears to be independent of the local subcooling
and a rather weak function of the mass flux. It is also interesting to note that for completely spherical
bubbles, the interfacial area concentration a; is proportional to a713. Equation (14) shows ^ to be
proportional to a0757, which reflects the fact that the observed bubbles were not completely spherical.
Although Equations (13) and (14) represent the best correlation obtained using the present data, the
strong dependence of the interfacial area concentration on the void fraction, shown in Fig. 8,
provided an incentive to correlate the interfacial area in terms of void fraction only. In this case, the
data can be correlated in the simple form:
a, = 556.4 o a 7 4

(15)

where a* in (mVm3). For Equation (15), the correlation coefficient is 96% and 90% of the data lies
within ±20% of the predicted values. Equation (15) is superimposed on the data in Fig. 8.
Using Equations (10) and (15), the bubble mean Sauter diameter is:

_ ° _ |)

(£)

(16)
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The predictions of Equation (16) are compared with the mean Sauter bubble diameter measured in
the present work in Fig. 10.
4.2 Interfacial heat transfer coefficient
The calculated bubble condensation Nusselt number versus the bubble Reynolds number is shown in
Fig. 11. The bubble Reynolds number was calculated using the measured mean bubble relative
velocity and mean Sauter bubble diameter. The actual measured bubble velocities were used, rather
than those predicted by existing correlations, to eliminate unnecessary smoothing of the data. As
shown in the figure, the bubble condensation Nusselt number increases as the bubble Reynolds
number is increased. Existing correlations, listed in Table 3, in which the Nusselt number, for a
given fluid, is a unique function of the bubble Reynolds number are superimposed on the
experimental data in Fig. 11. In general, no correlation appears to be in good agreement with the
present data.
A stepwise regression analysis was used to correlate the present data on bubble condensation Nusselt
number in terms of the local values of Jakob number, void fraction and bubble Reynolds number.
The resulting correlation was in the form:
Nuc « 0.3 Re?16 a03" Ja^

(17)

which is valid for steam-water flow at near atmospheric pressure and for void fraction up to 30%.
This correlation predicts the present data within ±20%, as shown in Fig. 12, with a correlation

coefficient of 95%.
It is interesting to note that in the above correlation, the power index of the bubble Reynolds number
is 0.816, which is in the range of the existing correlations in which it tended to lie within the range
of 0.5 to 1.0. The dependence of the Nusselt number on the concentration of the vapour phase a
reflects the fluid mixing caused by the multi-bubble effect as suggested by Ruckenstein (1959). The
present correlation also includes the effect of Jakob number, where the Nusselt number increases with
decreasing Jakob number. This trend is consistent with the predictions of Chen and Mayinger
correlation as given in Table 3.
4.3 Bubble rise velocity
In recommending Equation (17) for calculating the interfacial condensation Nusselt number as a
function of the bubble Reynolds number Re^ it is important to recommend appropriate correlations
for bubble relative velocity. The present data for the measured mean relative bubble velocity versus
the measured void fraction is shown in Fig. 13 together with predictions of the available correlations.
It is shown that, within the range of the present test conditions, the mean bubble relative velocity is
in the range of 0.2<U b <0.4 m/s. The measured mean bubble relative velocity was compared with
various bubble rise velocity models. Zuber and Findlay (1965) recommended the following
relationship for bubble rise velocity,

. _ci_ h . (P/ - P,V»

'-•I

P/ J

This correlation was found to be generally capable of predicting the present data when the constant
Cx is 1.53 as recommended by Zuber and Findlay (1965) for churn-turbulent bubbly flow.
5. Conclusions
Experimental data on interfacial area concentration, bubble condensation rate and bubble rise velocity
in low pressure cocurrent upward subcooled liquid-vapour bubbly flow were obtained. High speed
photography and digital image processing techniques were used to obtain the above parameters in
terms of local subcooling, void fraction and mass flux. The data was used to develop new empirical
correlations for the interfacial area concentration and interfacial condensation Nusselt numbers as a
function of bubble Reynolds number, void fraction and Jakob number. Since the proposed
correlations requires the knowledge of bubble diameter and relative velocity, the present data set was
also used to recommend appropriate correlations for this purpose.
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Table 1. Test conditions
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13.4
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Table 2. Interfacial area correlations and models:
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Table 3. Bubble Condensation Models:
Author

Condensation Nusselt Number
Mi, • 111* Ja p»/(l - p»)

Florechuetz & Chao (1965)
Mi, - 4/« Ja pl(l - p)

Levenspiel (1959)

Mi, - 1^66 Dl kA pjk

Ruckenstein (1959)

_ 4 « (U
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Isenberg & Sideman (1970)
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Dimi6 (1977)
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Kelly & Kazimi (1982)
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Fig. 1. Test loop
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VALIDATION OF TUF USING RD14M BLOWDOWN TESTS
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Abstract

As part of on-going validation program for the TUF (Jwo Unequal Eluids) code, three
blowdown tests performed in the RD-14M thermal-hydraulics test facility at AECL-WNRE have
been simulated. The experiments were chosen to demonstrate the capability of the code to
capture the essential features of a LOCA.
The following experiments were simulated:
1) B9017 30 mm IH Break Test - Close to critical break;
2) B9107 44 mm IH Break Test - Large break resulting in rapid depressurization;
3) B9001 7 mm IH Break Test - Small break with pump rundown and no ECL.
The salient features of each experiment are identified and the TUF model of the RD-14M facility
is presented. A methodology for the comparison of RD14-M experimental data and TUF
calculations is discussed. The degree of agreement between the TUF calculations and the
experimental data is discussed and improvements to the TUF RD14-M model are suggested.
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1. Abstract
The coupling of RELAP5/MOD2 with the nodal core simulator PANBOX2 for plant safety analysis has created the need for more efficient multi-dimensional core calculations. Development
of an adaptive multilevel solver would reduce the computational effort involved in the solution
of nodal fluxes. Specific multilevel algorithms used to accelerate convergence of nodal transport calculations are described. The multilevel coarse mesh rebalancing algorithm (CMR) is
discussed in detail. The success and practicality of CMR has led us to develop the transient
coarse mesh rebalancing (TCMR) algorithm: it is the first step in the development of an adaptive
multilevel solver for coupled space-time kinetics and systems calculations. Initial results and
further prospects are discussed.
2. Introduction
The system code RELAP5/MOD21 is widely used for safety analysis of plant transients. The
core model of this code uses the point kinetics approximation, which may not be sufficient for
all accident scenarios. In order to perform more sophisticated analyses, Siemens has coupled
the core simulator PANBOX22 with RELAP5 via the interface module EUMOD.3 While this
coupling produces more accurate results, calculation times can be quite long since the core model is now much more complicated. The point kinetics approximation is replaced by a three dimensional nodal transport calculation. However, we recognize that there are stages of a transient
during which the profile of the three dimensional multigroup flux changes very little. During
these stages, the point kinetics approximation would be appropriate. There are also stages of a
transient in which the dominant changes occur in only one or two dimensions. During these periods, recalculation of the full three dimensional flux is not necessary. In genera], a transient code
should only have to expend appreciable computational effort on those components of the solu-

u
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tion which are changing. This principle can apply not only to the core neutronics, but also to
the thennalhydraulics and systems calculations. Implementation of this principle remains a
challenging problem.
To address this challenge, we are developing an adaptive multilevel algorithm for PANBOX2.
The objective of this algorithm is to perform transient calculations on a fine mesh with a high
order model only when high spatial frequency (HF) components of the neutron flux are changing. When low spatial frequency (LF) components dominate the transient, a coarser computational mesh and possibly a lower order model may be used. The algorithm must be adaptive:
it will need to switch from one calculational level to another as the transient progresses. The
decision criteria should also be local in space: if HF changes are restricted to a small section
of the reactor (such as near a moving control rod), then fine mesh calculations need only be performed in that region.
Multilevel methods 4 are currently used to accelerate convergence of nodal transport calculations
in PANB0X2. It is from these techniques that we begin to build the adaptive multilevel algorithm.
3. Multilevel Methods Used in Nodal Transport Calculations
Consider the stationary multigroup neutron balance equation:
G

(g=l,2,..,G).

(1)

In order to solve (1) with nodal methods, it is necessary to use some approximation which relates
the neutron current at the surface of a node to the neutron flux. In diffusion theory, this is done
by calculating flux gradients using high order polynomial5 (NEM) and/or analytic6 expansions.
A finite volume discretization is achieved by integrating (3) over a volume Vm=axmaymazm of
a rectangular box:

In (2),jgus+f~m is the average partial current for one of the six node sides, where u denotes the
coordinate (x,y, or z), and s denotes the side (left or right). All other notation is standard.
Previous work 7 investigated the application of multilevel methods to NEM-M2 (which uses a
quartic flux expansion). It was found that coarser grids using consistent NEM-MO (parabolic
flux expansion) approximations accelerated the convergence of the solution. However, the
coarser NEM-MO levels were not designed to deal with real reactor boundary conditions, where
a Cartesian grid is used to approximate a curved surface. Also, it was found that a coarse mesh
rebalancing (CMR) algorithm better accelerated the convergence of NEM-M2. Since CMR can
deal with curved boundaries, it remains the preferred choice of multilevel techniques used to
accelerate diffusion theory transport calculations.
The theoretical foundations of CMR have been established for some time. 8 The method relies

on a higher order technique (such as NEM) to determine the nodal coupling coefficients Ygus.
These are defined by
j-m

(3)

K =i+m

The CMR equation for coarse mesh node k is obtained by inserting (3) and (4) into (2), summing
over meshes m and energy groups g, and writing the incoming currents of coarse node k as the
outgoing currents of adjacent nodes k':

?•"••>*•

(5)

The terms of this equation have the following definitions:

(7)
i-

g

g'

(8)

The driving factors, <4> a r e corrections to the absorption, production, and net current rates. It
is these driving factors that are the unknowns of (5).
A NEM/CMR multilevel cycle is depicted in Fig. 1. Initially, at least one iteration is made with
the NEM equations to obtain an estimate of the fluxes and currents. These values provide the
coupling coefficients for CMR. The CMR levels i=l,..J are successively coarser in space. On
the first CMR level, the driving factors are initialized to 1, and one or more iterations of (5)
are performed to improve this estimate. The new <4's and the left hand sides of (6) to (9) are
stored for each level. When the solution is restricted to a spatially coarser mesh (i > i ) , the absorption, production, and current rates are 'rebalanced' by the driving factors:

Here, k(i) represent all the finer CMR meshes which comprise the coarser mesh k(i+l). On the
new level, the driving factors are again initialized to 1, and the process is repeated until the coarsest (/=;•) level is reached, where the driving factors are solved exactly. The solution is then prolonged back from coarser to finer CMR levels by rebalancing the A*'s with the driving factors
from higher levels

(11)
During this prolongation, iterations are again performed on each level to improve the driving
factor estimates which were obtained during the restriction stage. Once the algorithm reaches
the finest level, the original currents and group fluxes are adjusted by the net driving factor that
has been appl ied to the Ay's. The coupling coefficients are then improved by another NEM iteration, and the cycle is repeated until the fine mesh solution converges.
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Fig. 1: NEMICMR ML cycle.
The CMR multilevel cycle described above has been shown to be very efficient at accelerating
the convergence of NEM calculations.7
4. Transient Coarse Mesh Rebalancing
The above discussion also applies to the transient case. The time dependent neutron balance
equation can be cast into the form of (1) using the implicit exponential transform method.9
When this method is employed, fluxes and neutron precursor concentrations from the previous
time step take the form of an extra source term in (1). The multilevel techniques discussed in
section 3 are fully applicable to transient problems which are treated in this manner.

TCMR

TCMR
n TCMR time steps

NEM

NEM
t o + nAt
Fig. 2: Depiction of the TCMR algorithm

As discussed in section 2, it is desirable to perform transient calculations only on the computational levels where information is changing. If the HF components of the neutron flux change

very slowly, then it should be possible to perform many time steps on coarser levels. An occasional return to the fine level would be necessary to update HF data.4
To test this principle in nodal transport calculations, we have developed the transient coarse
mesh rebalancing (TCMR) algorithm, depicted in Fig. 2. In TCMR, the coupling coefficients
are held constant in time for a certain number of time steps. A TCMR transient calculation begins with an NEM time step to calculate the y's. Then it proceeds for several more time steps
using those values in (5) to calculate new fluxes. The algorithm returns occasionally to the NEM
fine mesh level to update the y's.

Comparison of NEM and TCMR
nodal fluxes.
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Fig. 3: Global Perturbation
Fig. 3 presents the calculations of a PWR global perturbation transient (calculated with thermalhydraulic feedback, but no systems coupling). One calculation uses NEM-M2, while the second
one uses TCMR with one return to NEM-M2 every ten time steps. The savings in calculation
time was 47%. Note how well an occasional return to the NEM level corrects the TCMR solution.
We have also made calculations with severe local perturbations, such as a rod ejection scenario. 10 This kind of transient has more local HF evolution around the ejected rod, and we would
not expect the TCMR algorithm to be as accurate in this case. Our calculations in reference (10)
confirm this expectation: it was only some time after the rod was entirely out of the core that
the TCMR error settled down to a reasonable value. Note that while the error is high in the nodes
around the rod, the algorithm was still able to predict the average core power with high accuracy.
5. Future Work
For our multilevel algorithms to be adaptive, we need to establish predictive criteria for returning to the finer computational level. The criteria should be inexpensive to calculate, and sufficiently general that we can apply them to a range of multilevel algorithms (not just TCMR). The
computational savings demonstrated by the TCMR is just a fraction of what should be possible:
the coarser level was still very fine in space. We wish to develop more general multilevel algo-

rithms, which use higher order neutron transport approximations (such as NEM) on coarser levels. Fine mesh, high order calculations should be restricted only to those areas of a reactor where
HF information is changing.
The goal of these multilevel algorithms is to make possible the calculation of long and complex
plant transients. The original core model of RELAP5 used the point kinetics approximation.
We would expect that during stages of a transient where the point kinetics approximation is appropriate, the multilevel algorithm will actually reformulate point kinetics in PANBOX2 by using a one-node neutronics grid. A multilevel algorithm which has this degree of adaptivity
should facilitate very efficient coupled calculations.
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1. ABSTRACT
The RB is an unshielded, zero power nuclear facility with
natural and enriched uranium fuel (2% and 80%) and D2O as
moderator. The fields of fast neutrons are created at the RB
reactor and the coupled fast-thermal system HERBE among them.
The fast neutron spectrum in these fields are measured by
improved version of activation technique. The results for HERBE
configuration are given in this paper. The dosimetrical and
other purposes of this fast neutron field are also emphasised.

2. INTRODUCTION
The RB nuclear reactor / 1 / at the Nuclear Enginering Laboratory
of the Institute of Nuclear Sciences "VinCa" is the first,
zero-power, bare, heavy water critical facility in Yugoslavia.
The natural uranium fuel elements, the 2 % enriched metal
uranium fuel elements and 80 % enriched uranium dioxide fuel
elements have been available since 1975.
The fields of fast neutrons with a "softened" fission spectrum
are made by modifying the system: a modified experimental fuel
channel
EFC
/ 2 / , coupled
fast-thermal
system
in two
configurations CFTS-1 and CFTS-2 /3/ and the coupled fastthemal core HERBE / 4 / as the last configuration.
One of the first tasks was to develop the method for absolute
neutron spectrum determination for the whole energy range. The
activation method /5,6/ is improved and utilized to determine
neutron
spectrum,
especially
fast
neutron
spectrum
characteristics. The results obtained for HERBE configuration
are presented in this paper.
3. RB REACTOR
In first configuration of RB reactor it was almost impossible
to perform dosimetric and other experiments. By creating these
fields, with in our circumstances available fuel elements, the
possibilities for different experiments are greatly improved.
Now we can irradiate food samples, soil samples, electronic
devices, study material properties, perform various dosimetry
experiments, etc. These different fast fields are the first
step in constructing the first fast experimental reactor in
Yugoslavia.

4. COUPLED FAST-THERMAL CORE HERBE
The coupled fast-thermal core HERBE is designed with the aim to
improve experimental possibilities in fast-neutron fields. The
requirements for minimum modifications in the RB construction
and application of available fuel restricted design flexbility
of the coupled system: the central fast core of natural uranium
is surrounded by neutron filter zone (cadmium and natural
uranium) and converter zone (enriched uranium fuel, without
moderator). The coupling region is heavy water. Thermal core is
formed of RB heavy water 80 % enriched uranium lattice with
12 cm pitch.
5. ACTIVATION METHOD
The activation method has a few advantages compared with
others, especially in the region below 10 keV. They are: simple
construction, small dimensions, radiation and temperature
resistance, and good spatial resolution. The foils for fast
spectrum determination are made from materials with well known
and exactly determined nuclear characteristics. In this
experiment foils made of 103Rh, n 5 In, 32 S, 58Ni, 54Fe, 35 C1, 27A1 ,
5
^Fe,2*Mg and Z*A1 are used. The foils are irradiated at the
predetermined positions in vertical channel of HERBE. The
characteristics of used foils are given in Table 1 and Table 2.
Gamma activity of the foils is measured using the scintillation
technique with special designed y measuring lines. The absolute
beta activity is measured using the 4TT(3 absolute counting
method with special measuring line designed in our Laboratory..
The experimental results are treated by the ACT code that gives
the foils' saturated activity and neutron flux density. It is
based on analytical relations that account for all necessary
physical and geometrical corrections.
The code HEFEST is used for further spectra evaluation. The

code HEFEST is based on method of maximal probability. The
activation
integral is treated as a relation of total
probability that connects probability J(E) with discrete
aproximation of probability density £(x). cij(E) is a discrete
approximation of total probability density a(x,E). In first
approximation x has the distribution 5,(x)=Ej, while in second
it has the distribution £ 2 ( x )= Jai (E)ft(E)dE. ^ depends on
experimental values and £2 depends on model of distribution
density T t (E). The optimal model of distribution density is
obtained by setting the values of £, equal to the values of £2.
6. RESULTS AND COCLUSION
The fast spectrum calculated with code HEFEST is given in
Table 3. The average error of these measurements is 1X.

Table 1. The nuclear characteristics of detectors
Detector
(reaction)
103
l15

a(%)

ftlv)

T

ff
,°i
^
(barn)

1/2

Rh(n,n') 103l Rh

100

0.80

57 '

950

In(n,n') 1 1 5 "ln

1 .15

4.5 h

302

2.65

14.3 d

252

32

S(n,p) 32 P

95.7
95.02

58

Ni(n,p) 58 Co

68.27

2.70

72 d

450

5.81

3.00

310 d

372
190

5

*Fe(n,p) 54 Mn

35

Cl(n,a) 3 2 P

75.53

3.70

14.3 d

27

Al(n,p) 27 Mg

100

4.50

9.45

'

48

91.75

6.60

2.57 h

60

100

7.15

15.06 h

128

100

7.45

15.06 h

82.5

56
24

56

Fe(n,p) Mn
2

Mg(n,p) *Na

27

Al(n,a)

24

Na

Table 2. Type of irradiation from reaction products

E y (keV)

Detector
(reaction)
l03

Rh(n,n')103"Rh

115

In(n,n') lt5 »In

39.8
336

32

S(n,p) 32 P

58

Ni(n,p) 58 Co

811

54

Fe(n,p) 54 Mn

835

—

35

Cl(n,a) 3 2 P

2T

Al(n,p)27Mg

844

56

Fe(n,p)56Mn

847

24

Mg(n,n') 24 Na

1369
1369

27

24

Al(n,a) Na

P(X)

Efi (keV)

-

-

45.9±0.1

829

-

-

5.0 + 7

1711

99.5±0.03

475

99.98
-

71.8+0.4
98.9+0.3

P(X)

!

100

15.0±0.15

-

-

1711

100

1766

71

'285O

56.3

100

1390

99.9

100

1390

99.9

Table 3. Fast neutron spectrum in coupled fast-thermal core
HERBE
En (MeV)

4>(n/cm 2 /s/MeV)

1

6 . 5 4 4 10 5

2

2 . 2 7 9 105

3

1 . 7 9 8 105

4

6 . 9 8 5 104

5.5

3 . 6 7 6 104

6.5

1.912 104

7

1.621 104

8

1 . 3 2 4 10 4

9

1.176 104

10

1.103 104

According to the results obtained, it is possible to use the
coupled fast-thermal core HERBE for different irradiation
studies, material studies and dosimetry purposes. There is only
one limitation: the realized flux values cannot be larger than
1O10 n/cm2s.
The described and other mentioned fast neutron fielda are the
first step in creating the first fast research rector in our
country.
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Abstract — A finite element solution to the even parity neutron transport
equation with anisotropic scattering, based on a variations^ approach, was
generated using a spherical harmonics series expansion for the flux and sources.
The functional of Kaplan and Davis is selected because it explicitly contains
void boundary and current continuity conditions. The resulting linear system
of equations was also symmetrized by using an adequate normalization for the
spherical harmonics and by choosing a convenient spatial polynomial basis.
Some results for a three dimensional benchmark problem are presented.

I. INTRODUCTION
In addition to the standard collision probability '*' and the discrete ordinates '2' methods, another technique that can be used to solve the neutron transport equation with
anisotropic scattering and sources is the transport nodal method. The basic assumptions
of this method, often called the PN method, are not new'3'. In fact the spherical harmonics
expansion and the finite element technique, which form the basis of the transport nodal
method, have already been used by Fletcher'4' and more particularly by DeOliveira'5' and
Palmiotti'6] to solve the transport equation.
Here, we will consider the Kaplan and Davis functional'7' which is a generalized version of the Vladimirov functional.'8' Our contribution differs from the previous work in
the following ways. We chose a formulation which results in a final system of linear equations that involves symmetric matrices which will be evaluated analytically. This has
been achieved by adequately normalizing the spherical harmonics and by considering a
convenient Lagrange-type polynomial basis on a cartesian mesh.
In Section II, we present the even-parity transport equation and its associated functional along with a discussion of the spherical harmonics expansion and the spatial dependence of the flux and sources considered. This leads to Section III, where a description
of the use of the finite element method to solve the transport equation is presented and
Section IV, which is devoted to a numerical evaluation of the method. Finally, in Section
V, a discussion of this method is provided.

II. THE TRANSPORT NODAL METHOD
Consider the one-group integro-differential transport equation inside a domain V
bounded by the surface 5
(fi • V<fi(r, ftj) + E(r)<f>(f,ft)= Q(f, fi) + f

d2ft'E4(f, U • ft)<f>{f, ft), (1)

where £(r), the total cross section, is assumed to be isotropic while £,(f, ft ft), the within
group scattering cross section and Q(f, u), the external source which includes fixed and
fission sources as well as scattering from other groups depend explicitly on Q. We will
also consider the void boundary condition, namely <f>(fs,ft)= 0 for £2 • N < 0 where f,
and N axe a point on 5 and the outward normal at S respectively.
After dividing the neutron flux and the source into even- and odd-parity components
according to
(2)

(3)

l
we can derive the even-parity transport equation:

(fi • V) D[(Q • V0 + (r, d))) = (fi • V) D[Q~(r, fi)] + E + [^(f, S)] - Q+(r, fi). (4)
Here

_

_

fceven

h=-k

....

r+

(f,n').

(5)

4w

dan%*(i1/)F-(f;jV), (6)
and Eji.jt is the fcth angular moment of the scattering cross section. The odd-parity flux is
directly related to the even parity flux according to:

£) = D[Q~(f,Q) - (fi • f

tf+(F,fi))].

(7)

In order to derive the above equations we have used the following definition for the real
spherical harmonics Vj(ft)
for m > 0,
for in = 0,
for m < 0.

ip)

Similarly, we will transform the boundary condition into its even-parity form. Here, for
simplicity, we divide the surface S into sub-surfaces 5, each with its associated outward
directed normal Nj. The void boundary condition then takes the form:
(

)

[

=

0,

for ?lNj> 0.
Kaplan and Davis'7! have presented one functional from which the above second order
transport equation can be derived, namely

4

\ ! d3r I tfnf -(f,f2)E+^+(r, Q)) - / d3r f
2 JV

Ji-rr

JV

L

(n

Jin

(f, n),

(9)

where (3j = 1 for void surfaces and /?, = 0 for reflective surfaces.
Since we will generate a solution to the neutron transport equation using the finite
element technique, the region of volume V is first subdivided into zones of volume Ve
(surrounded by the surfaces •£,,«.). We will also assume that the cross sections inside each
element Ve are constants. In that case the functional can be written as a sum of zone
functional
N

e=l

where !F[4>+{r, Q,)} has a form similar to that described in Eq. (9), namely

- I d3rf
JV
JAn
d3r
e

(n
(
v

) D,[Q;{?,

\ fv. L

Here, ^ ( f , f i ) and Qf(r,fi) are the even-parity flux and the sources inside zone e respectively. The operators De[F{r,ti)] and E+>e[F{r,Q)] are similar to D[F(f,Cl)] and
E+[F(f, fi)] but with E(f) and E->fc(f} replaced by Ee and Ee>4(fc.
In the above, we introduced some additional surfaces which cannot be identified with
the external boundary of the domain, where 0eJ = 1, but are associated with zone interfaces. In order for the functional given in Eq. (10) to be identical to Eq. (9), 0eJ

is required to vanish at zone interfaces. The behavior of the neutron on these surfaces
will then be dictated by continuity conditions. Assuming that surface 5,>e of zone e and
surface Si,e> of zone d represent the interface between two elements, then flux continuity
requires that
(12)
This condition must be imposed as an external constraint and can not be derived from
the functional J9' On the other hand, taking a first variation of the above functional with
respect to the flux on surface SjtC = S^ results in a current continuity condition which
appears as a natural boundary condition.
II.A.

Spherical harmonics series expansion

The first step in our derivation is to consider a limited spherical harmonics series
expansion for the angular dependence of the even-parity neutron flux
(13)
J=o

m=-l

Here T represents the transpose of a vector or matrix, Y{Ct) is an infinite dimensional spherical harmonics vector and P L is a finite projection operator which maps the
vector Y(Q) onto the even-parity order L spherical harmonics vector. For one- and twodimensional geometries, one can use symmetry relations to further reduce the number of
angular modes required in the even flux expansion.
For the source vectors we will use an infinite spherical harmonics series expansion
O+(r
^ff

\

Q.) — ^
)

/

^^^

Y^ Ot
^^^

^t»i

I even m=— /

where the P± are infinite projection operators which map the vector Y(fi) onto vectors
which contain only its even (+) or odd parity (-) components respectively. We can also
rewrite the expression for E+[F(r, Q)] and D[F(r, Q)] in a more compact form

D[F(f,n)) = J^<PQfF(f,Q')(Y(Q'))TB(r)Y(Q),

(17)

with E, and D being infinite dimensional diagonal operators which have non-vanishing
entries corresponding to k even (E - £,>fc) and k odd ((E - E,,*)"1) respectively. Using
the above notation, and integrating over Q. one can transform Eq. (9) to the following
expression

3

3

= \ E E / <*3^" (-?+(^)T M ^ + « + 5 X
- / rf3r

with

Z^r) = PLA,,D(r=)(P_)7',
T
Z.(f) =
Z(f) =

where the matrices A,, and B 7 > are defined according to:'10'

-*

M

r*^ / ^ . -+. \ T

A last comment concerns the relation between the even- and odd-parity flux as described by Eq. (7). Using the above results, we can write
••

P_D(f) (P_)' - f; (5V + (f)) 7 'z,(f) )
_

t _»

>__

%. 'J*

(19)

where we have used

i odd m=-J

We can see that the even-parity flux generates contributions to the odd-parity flux only
up to and including order L + 1. For higher order contributions, the odd-parity flux can
be obtained directly from the odd-parity source without the need to solve the transport
equation.
II.B. Spatial expansion
Here we will assume that the entire domain is made up of a single zone of volume V
with spatially constant cross sections. Then, instead of numerically solving the differential

equations which can be derived from the above functional, we will consider a finite series
expansion in terms of polynomials for the spatial dependence of the even parityfluxand
the source. Using this expansion, all the spatial dependence remaining in the functional
can be integrated analytically, and one is left with a functional which depends only on
the coefficients of the series expansions.
Let us first transform the spatial variables x, y and z to dimensionless variables uv
(1/= 1,2,3)
tXi = -r-(x-X c ),

A1=X1-X2,

u2 = -z-{y-yc),

A2 = y i - y 2 ,

Xc= -(Xi

y c = x(yi+ 3/2),

L\2

^

«3 = -T-(* - *c),
A3

A3 = Z1-Z2,

ZC=-(Z1+Z2),
I

in terms of which V = AiA2A3 is the volume of the zone. We will now assume that
spatial dependence of the source and flux vectors take the form

Qtm{r) =

L{ux,u2,uz)Qtm,

where 0 ^ is a vector made up of the variational coefficients <j>%i^. In the above, the
component (i,j, k) of L(ui,u2,U3) is given by

Here, Li(t) represents any polynomial of order K in t. The only requirement at this
point is that these K + 1 polynomials are linearly independent. We shall see later that a
specific set of Lagrange polynomials can be chosen such that the flux continuity conditions
presented in Eq. (12) are automatically satisfied.
Using the above relation, we can write the functional in the form

ZS>+,

(20)

where I t is the identity matrix of order L. Four types of spatial integration are then
required, namely

iwv) = vr *
*- rr**
*r
1/2
/•1/2

/-1/2

du
duxx I

R(V) = VI

/-1/2

du2 II

J-l/2

l/2
J-l/2
ds

L*{ui,u2,u3)

du3L(ui,u2,u3)<8> L(ui,u2,u3),

J-l/2

® Ls(ui,u2,t*s),

where L,(ui,U2,u3) represents the value of L evaluated on 5.
Finally, because the vector LT represents the product of three polynomials in ui, u2
and u3 respectively, each of the integral terms above can be written in terms of a product
of one dimensional integrals.
III. FINITE ELEMENT METHOD
The complete functional can now be written as the sum of homogeneous region functionals

e=l
+

where each functional .F[<£ (e)] is given by Eq. (20).
Let us now look at the external constraints that are required, because of the flux
continuity condition and the reflective boundary condition. In general these constraints
can be taken into account using Lagrange multipliers. However, this method increases the
number of unknowns to be considered in the solution process. An alternative technique
consists of inserting the constraints directly into the functional.
The flux continuity condition require that on the surface of intersection of two elements
e and e7, the flux associated with zone e must be identical with that of zone e'. If one
identifies each element e by the three variables r, s and t describing its location along the
x-, y- and z-axis, the flux continuity condition can then be written as

$i,m(r,syt)-L(l/2,u2,u3)

= $l>m(r + l,s,t) • L(-l/2,u2,u3),

$i,m(r,s,t)-L(uuu2,l/2)

= <^,m(r,s,t + l)

In the case where the polynomials Lj(v) are arbitrary, the above relations mix various
components of the vector <?j,m(e) with those of <?j,m(e'). However, by choosing Lj{v) such
that

the required continuity condition then becomes

l.t),
This one-to-one correspondence between one component of <j>i,m(e) and one component of
<&,m(e') can be used to simplify the functional.
A similar treatment can be applied to the constraint resulting from reflective boundary
conditions. First, the geometry is unfolded along its reflective surface. This geometry then
contains two times as many unknowns as the initial geometry. However, the additional
components of the flux vector can be seen as dependent variables since they are directly
related to the original flux components. In order to illustrate this dependence let us
consider a one zone 3-D reactor which has a reflective boundary condition at z = 0. After
unfolding the geometry, a second zone is generated. Then, if the spatial polynomials are
chosen in such a way as to satisfy the following symmetry property
Ljiu) = LK-A-U),

(22)

we can use

to eliminate all the points in the unfolded geometry which were not included in the initial
geometry and
for the points located on the interface. Here, the term (—l)m takes into account the parity
of the /—even spherical harmonics under a transformation from z —• — z (t —» — t). Thus,
one first build the functional for the unfolded geometry, and then reduce the total number
of independent parameters using the above relations. As a result, the final functional
will contain the same number of independent flux components as that for the original
unreflected geometry.
Finally, in order to simplify the substitution process described above, we will define
a global flux vector.<£+ which is made up of the Ng independent flux variables. Then,
because of the form of the constraints, we can map 0+ directly onto <£+(e) using
#,
(23)
where G(e) is a rectangular projection matrix. The global functional, written in terms of
0+, then takes the form

(24)

where
3

3

M' = j:(G(e)f(R(K)®Z,(e))G(e),

Mi(e) =
e) = (G(e)) r (R(K) ® It) •
Finally, by setting the derivative of Eq. (24) with respect to the independent variable
+ to zero, one can derive a system of linear equations

# = £ (Ml(e)g-(e) + M'+(e)Q+(e)) ,

(25)

e=l

where the matrix M = Md + M* + M" is symmetric.
A consistent solution to the linear system of equations given in Eq. (25) can be obtained
using various techniques. For the cases where the number of unknowns in the system
is relatively small (less than 3 x 103) and the symmetric matrix M can be stored in
central memory, it is convenient to use a direct LDLT decomposition. This is often the
case in 1-D and 2-D geometries where for a Pr expansion (order L = 6 in the spherical
harmonics expansion for the even flux) 4 and 16 angular modes per spatial point are
required respectively. This means that in 1-D geometry, around 750 independent spatial
points can thus be treated while for 2-D geometries a maximum of 190 spatial points
is permitted (« 14 x 14 mesh). However, for large 2-D problems and for most 3-D Pr
problems (28 angular modes per spatial point) the size of the system matrix rapidly
exceeds the amount of memory available on most machines. For example, a 3-D mesh of
5 x 5 x 5 will generate 6048 unknowns {Pr) and the matrix M, which then contain over
18 x 106 independent elements, cannot always be stored in memory. For these cases we
have programmed a block LDLT decomposition, where the blocks will either.represent
an x — y plane, a line along the x—axis or a single point, depending on the size of the
problem and the amount of memory available.
For a fixed source one-group problem, we only need to directly solve the system of
equations given in Eq. (25). In the case where more that one-group or fission sources
are considered, an iteration scheme is used to update the sources in each group using the
flux evaluated at the previous iteration. This process is repeated until the flux solution
and the effective multiplication constant, in the case where fission is present, between two
iterations differ by less than a fixed tolerance parameter of 1.0 x 10~5.
A final comment concerns the choice of a polynomial basis. The requirement that
Eq. (21) be satisfied automatically eliminates the Legendre polynomials while suggesting
the use of collocation polynomials where the collocation points u = ±1/2 are always

considered. The remaining collocation points required to define these polynomials are then
chosen in such a way as to insure that Eq. (22) is satisfied. Since the Lagrange polynomials
used in most finite element applications lead to integration matrices which are generally
filled, a partially orthogonalized Lagrange polynomial basis has been considered. I11'
IV. NUMERICAL RESULTS
Here we will investigate the performance of the transport nodal method for the following 3-D problem. It consists in a modification of the benchmark, which was proposed
by Takeda and Ikeda'12' to represent the core of a small LWR (Model 1 in Reference 12)
similar to the Kyoto University Critical Assembly (KUCA) and which had the following
features:
• Polyethylene moderated,
• 93 w/o enriched U-Al alloy and natural U metal plates,
• Average U235 enrichment 9.6 w/o, Vm/Vf = 1.5,
• 1/8 core dimension: 15 era x 15 cm x 15 cm,
• The control rod is located at the core reflector boundary.
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Figure 1: Geometry of the modified 3-d benchmark.
Here, instead of a 25 x 25 x 25 cm3 reactor, we considered the 5 x 5 x 5 cm3 reactor
presented in Fig. 1. This choice of dimensions was considered in order to insure the
spatial convergence of the flux for a mesh size of 1 cm3, as in the original benchmark,
while the number of regions to treat remains relatively small (125 instead of 15625).

Again, two cases are considered: case 1 where the control rod position is empty, and
case 2 where the control rod is inserted in the reactor. Two group macroscopic cross
sections were provided for the core, the reflector, the control rod and the empty region
left when the control rod is extracted.'1^ These remained unchange except for the fast
and thermal production cross section which were modified to i/£} = 9.09319 x 10~2 cm'1
and uT?f = 1.0 cm'1 to insure that the value for Keg was around 1. Finally, in all our
calculations, we considered linear polynomials for the spatial dependence for the fluxes.
As a result, the number of unknowns per group which were considered is 216 for a Pi
expansion (equivalent to diffusion theory) and 1296, 3240 and 6048 for the P3, P5 and P7
expansion respectively.
The results for K^g and the reactivity worth of the control rod p, defined as

case 2

case 1

that were then obtained are presented inTable 1.

Table 1: K^ and p results for modified 3-D benchmark problem.
P\

Kes case 1 0.5722
Kt& case 2 0.5980
-0.0754
P

P3

P5

P7

Poo

1.0544 1.1345 1.1455 1.1473
1.0360 1.1117 1.1214 1.1228
0.0168 0.0180 0.0188 0.0190

As one can see, the Pi calculations result in values for Keg which are largely sub-critical
while the use of higher order spherical harmonic expansions leads to a super-critical reactor. In fact, the Poo extrapolations, differ from the P? evaluations by a maximum of
1.6 mk. This shows that the P7 expansion generates angular flux distributions which are
nearly converged. The reactivity worth of the control rod is negative for the diffusionlike calculation (Pi results) while it remains positive when higher orders in the spherical
harmonics expansion for the flux are considered. This observation is in agreement with
the results presented by Takeda and Dceda for the benchmark problem where the diffusion calculations also result in negative values for the control rod worth reactivity while
transport solutions generate positive reactivity worth.'12I
V.

CONCLUSIONS

The variational formulation of the even parity transport equation was used to generate
our finite element method inside non-void regions. We were also able to take into account
exactly a combination of void and reflective boundary conditions. Our implementation
results in a system of linear equations that involves symmetric matrices which were evaluated analytically. Accordingly, a direct LDLT solution can be considered when the
system matrix is not too large. However, in the cases where the number of unknown per
group is very large, a block LDLT solution is used.

The analysis that was performed for the simplified 3-D benchmark problem has shown
that this method works well. This test also illustrates that for some problems the diffusion
equation is simply too approximative to correctly represent the flux distribution in some
reactor cores. As we have shown, the reactivity of our reactor core increases upon insertion
of a control rod for Pi calculations while a decrease in the reactivity of the core is expected.
On the other hand, the adequate behavior is observed when a higher order spherical
harmonics expansion for the angular flux is used.
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Burnup history of CANDU reactors is generally simulated by solving the two
group static diffusion equations at discrete time steps, assuming a constant flux
distribution over the time step.
In this approach, it is important that the diffusion theory data give a sufficiently
accurate representation of actual reactivity devices and fuel properties. On-power
refuelling and action of the various in-core reactivity devices result in large variations
in the lattice cross sections. As a result, many uncertainties can affect the accuracy
of diffusion theory burnup calculations.
In-core measurements can be used to directly correct the diffusion theory fluxes
used in the burnup calculations. Such a technique, implemented in the SIMEX
[1],[2] reactor simulation module, has been used for burnup and power distribution
calculations at Gentilly-2 since the reactor started up in 1982.
Gentilly-2 experience with the SIMEX approach show excellent agreement of
calculated power distributions with in-core neutron flux measurements and channel
heat balance data. However, when diffusion theory fluxes are calculated using the
burnups based on mapped fluxes, large top-to-bottom tilts appear. This has been
attributed to the combined effects of core representation uncertainties in the diffusion theory calculations and of cumulative mapped flux uncertainties in burnup
calculations. This aspect has been fully documented in reference [3].

With large tilts in the diffusion theory fluxes, accurate power distribution predictions, required for fuel management activities, are not possible unless corrections
are applied to the diffusion fluxes or to reactor model.
One way around this problem involves the tracking of two sets of fuel burnups;
one calculated with the diffusion fluxes and the other calculated with the mapped
fluxes: flux ripple is given by diffusion burnups and flux to power conversion is calculated using the mapped burnups. This approach, first introduced at Gentilly-2 in
April 1991, significantly reduces the top-to-bottom tilts due to the self-correcting effect of errors in the diffusion theory burnup calculations [3]. Nevertheless, a residual
tilt remains in spite of the self-correction.
This residual tilt of the order of 5%, associated with what we call a "time averaged modelisation error", remains sufficiently important as to prevent from using
diffusion theory calculations for CPPF prediction.
Different methods have been proposed or used either to improve core representation by providing for the variation of local parameters in the lattice cell properties
[4] or by providing adjustments to lattice cell data based on in-core measurements
[5], [6]. Though in theory very promising, these techniques require a large amount
of programming and verification before they can be used for fuel management calculations. Nevertheless, all the perturbation modules and algorithms are available
in TRJVAC [7] and have been successfully applied to CANDU reactor problems [8].
A simple alternative to these methods has been developed at Hydro-Quebec to
provide accurate adjustments to diffusion theory simulations. The procedure consists in calculating modal amplitudes which map the diffusion theory fluxes (instead
of vanadium detectors signal) with a mode set containing a reference flux distribution
as the fundamental mode; using the calculated modal amplitudes, the higher modes
contribution is then subtracted from the original diffusion theory fluxes. Since the
mapping calculation minimizes the differences between the mapping data set and the
mapped distribution, this procedure produces an adjusted flux distribution which
in effect is the reference distribution added with the mapping calculation residue.
Using a time-averaged reference distribution in a time-averaged mode set, the adjusted distribution is simply the time-averaged flux shape added with the ripple of
the diffusion theory fluxes. This procedure has been used at Gentilly-2 to adjust
the diffusion theory fluxes in burnup history simulations in order to predict channel
overpower, CPPF and maximum channel powers without any significant biases in
the power distribution.
Results of this procedure, implemented in the UNTILT module of a production
version of HQSIMEX, have been recently presented [9] for a limited number of
post-simulations covering a short period of Gentilly-2 reactor power and fuelling
history. Since then, the UNTILT module is routinely used at Gentilly-2 for channel
overpower prediction and fuel channel prediction. Results obtained over an extended
period, exceeding 200 FPD of reactor operation, shows a good agreement of UNTILT
predictions with actual SIMEX results (see figure 1). These results confirm that

this method can be reliably used for a final sceening of the proposed fuelling list
in order to maintain a close fit of the instantaneaous channel power distribution to
the reference distribution. The full paper will explain in detail the theory of the
UNTILT approach and will give more results.

Figure 1: UNTILT Error for Refuelled Channels
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ABSTRACT

During the power run-up in May 1992 after an outage and installation of new detectors at Point
Lepreau, an extensive set of physics tests was performed at phase-B and phase-C conditions.
Detailed post-simulations of these tests using the RFSP code have been carried out The
simulation results have been compared to measured data such as in-core detector fluxes, TFD
scan fluxes, HBAL channel powers, and flux and power responses to a variety of perturbations
introduced into the core. The calculation methods used in the post-simulations include the
conventional 2-group diffusion method, the history-based diffusion method with fission product
tracking, and the flux mapping method. In addition, the tests had been pre-simulated before the
outage with the conventional diffusion method. The relative accuracies of these various
calculation methods have been demonstrated through the comparisons with measurements.

1.0 Introduction
During the annual outage at Point Lepreau in May 1992, new HESIR in-core detectors were
installed. In the subsequent restart to full power, an extensive set of physics tests was performed
at low power and at various power plateaus. These tests provided a broad data base for code
model validation and code performance assessment
The production physics code used at Point Lepreau is the RFSP code (Reference 1). Postsimulations of the startup tests and detailed comparisons against measurement data form the basis
for judging RFSP calculation accuracy. Such comparisons could unveil systematic shortcomings
of the model and of the calculation methods.
The use of the RFSP code in post-simulations represents the "best-conditions" application mode,
in which the actual core parameters are known from station computer logs. The calculation
model can reflect the instantaneous core configuration and the calculation method could take
advantage of the available in-core detector flux measurements. Before the reactor shutdown, the
startup transient and the various tests had been carefully planned and pre-simulated with
reasonable estimates of the core parameters and their transients during the power run-up. By
comparing the pre-simulation results with measured data and post-simulation results, the
additional uncertainties when the code is applied in the predictive mode can be assessed.

2.0 Measurement Data
The measured data included:
a. Neutron flux measurements throughout the power run-up for all nominal and perturbed core
states recorded by the 102 in-core vanadium detectors.
b. At low power, 50% power and full power, flux measurements along vertical and horizontal
penetrations across the core taken with the Travelling Fission-chamber Detectors (TFD's).
Such scans were taken while the core was in perturbed states as well as the nominal state.
b. Moderator poison concentration at criticality and at various times during the power runup.
d. Exact zone-control compartment water fills and device positions at all times.
e. Total reactor thermal power. Channel powers as deduced from bias corrected thermal
measurements and NUCIRC (Reference 2) predicted coolant flow using the heat balance
code known as HBAL.
f. ROPT related data and power rundown measurements on reactor trip from 50% power,
and subsequent power recovery transient data.
Most of the tests were performed at low power (0.07% FP, Phase-B conditions), 30% full power,

50% full power and 100% full power. The reactor went critical with all adjuster banks out The
power run-up history and the various tests performed over a two-week period are summarized
in Figure 1. The set of six perturbed core states at the 50% power level is of particular interest
and has been studied in great detail for the reason that TFD scan fluxes are available and they
are used for ROPT design verification purposes. Many of the results presented below pertain to
this set of perturbed core states, especially where the accuracy of the RFSP code in reproducing
the flux and channel power responses to the perturbations is concerned.

3.0 Simulation Methods
In post-simulations, the RFSP code has two fundamentally different methods to calculate the flux
and power distribution: the two-group diffusion method and the flux mapping method. The twogroup diffusion method has two options: (i) the standard conventional diffusion option with
distributed xenon but uniform coolant density and a single effective fuel temperature, and (ii) a
"history-based" diffusion option that allows distributed coolant density and fuel temperature, and
tracks the fuel compositions of each fuel bundle according to its irradiation history, including
detailed fission product transients when the flux level changes (Reference 3). The mapping
method is based on best-fitting the vanadium detector readings to a set of pre-calculated basis
functions (harmonic mode set) plus an appropriate fundamental flux shape. The mapping method
is indirectly linked to the diffusion method since the basis functions including the fundamental
are calculated with diffusion theory.
With the diffusion methods, the simulations started at criticality after coming out of a prolonged
outage, when all the saturating fission products had decayed. Starting from this point, the historybased diffusion method tracked the fission product buildup and decay for each bundle according
to the power run-up shown in Figure 1. The conventional diffusion method treated the transient
core state at each simulation step as a perturbation from the pre-shutdown state, only the xenon
transient was explicitly accounted for. Each significant change in core configuration was
followed in the simulations. Such changes included device positions, moderator poison level,
primary heat transport properties and bulk power level. At each simulation step, all these core
parameters including the actual zone fills were reflected in the model, with the exception of
poison concentration which was adjusted to achieve criticality in the simulations.
The mapping method calculates the amplitudes of the harmonics used to synthesize the fluxes
by minimizing the difference between the measured and calculated vanadium fluxes. Other than
the fact that the most recent diffusion solution is used as the fundamental, the process of flux
synthesis from the set of basis functions does not explicitly relate to zone fills, device positions,
moderator poison level and fuel compositions. The mapping results presented below were
obtained using the history-based diffusion solution as the fundamental and harmonic modes
generated from time-averaged local-parameter calculations.
The four sets of RFSP calculation results which have been compared to measurements are
referred to as "Pre-Simulations", "Standard Diffusion", "History-Based Diffusion" and "Mapping".
Note that the Pre-Simulations were done using the standard diffusion method with estimated core
parameters.

4.0 Results of Comparisons
In the comparisons of the calculation results to measurements, the emphasis was on patterns of
disagreement and systematic biases, and on the relative accuracies of the various calculation
methods. The intention was to demonstrate that such comparisons can point to areas where
further model refinements are needed, as well as to possible improvements in the measurement
database.
The differences between the RFSP calculation results and the measurements were characterized
by the Root Mean Square (RMS) of the percentage difference. The RMS was sometimes further
broken down into the mean difference and the 1-sigma uncertainty.

4.1 In-Core Detector Flux Comparisons
Table 1 summarizes the comparisons of RFSP calculated fluxes at the vanadium detectors to
measurements. With either the standard diffusion method or the history based method, the
overall agreement with the flux measurements is quite satisfactory. The measured vanadium
detector fluxes were reproduced with a RMS difference of 2-3%. The maximum difference was
around ±6%.
At low power and low temperature, the "distributed" parameters in the history- based method
are actually uniform. The two methods differ in fuel
composition only. As the power
was increased to 30% and higher, the distributed parameters and more accurate fission product
tracking did yield better agreement than the standard method. Figure 2 shows that once the
reactor power got to 30% and above, the RMS difference from the history-based method was
consistently lower than that from the standard diffusion method by about 0.4-0.5%.
Since the most recent diffusion solution was used as the fundamental, the flux mapping results
did improve over the diffusion solution in terms of better fit to the measured vanadium fluxes,
by about 0.4-0.5%. We should note that this magnitude of improvement is an average of a
general trend. In some cases where the diffusion method solution showed relatively large
differences, an improvement of up to 2% was observed. This implies that generally the diffusion
calculations can be further fine-tuned and improved. On the other hand, when the core was in
a transient state, for example with successive adjuster banks being inserted in a short time, the
vanadium fluxes were lagging due to the five-minute time constant Fitting to the vanadium
fluxes did not necessarily produce a flux shape closer to the actual shape than the diffusion
method did.
The accuracy of the pre-simulations results is, on average, about 0.5% worse than that of the
post-simulation results and overall is quite adequate. This indicates that fact that the core
conditions at the various points of the power run-up were correctly anticipated.
The in-core detector flux responses locations to the set of six perturbations at 50% power were
compared as shown in Table 2. The response (also known as the perturbation factor) is defined
as the ratio of the detector flux in the perturbed core state to the same detector flux in the

nominal core state. Both the perturbed and the nominal core were normalized to the same total
power. Comparisons of the responses focus on the accuracy of device representation in RFSP,
since the other common systematic modelling errors were factored out by taking the ratios. The
results in Table 2 show that the detector flux changes introduced by the insertion of a MCA
(Mechanical Control Rod) or SOR (Shutoff Rod), or by adjuster bank movements and zone fill
changes were very accurately reproduced by RFSP simulations. Note that no further adjustment
or re-normalization was allowed when the calculated and measured responses were compared.
The gradual improvement of the goodness of fit from the pre-simulation results to the mapping
results is evident Also note also that, in general, the agreement for the horizontal SDS2
detectors is not as good as that for the vertical detectors.
Figures 3a and 3b show typical comparisons of vanadium detector flux response, across the core
at or near the mid-plane and in a vertical flux detector assembly respectively, to withdrawal of
four adjuster banks. The diffusion simulation results matched the measured data very well except
for a slight tilt The mapping results almost overlap the measured data.

4.2 Travelling Flux Detector (TFD) Scan Flux Comparisons
The RFSP calculated fluxes along the Vertical Flux Detector (VFD) and the Horizontal Flux
Detector (HFD) assemblies were compared to TFD scan measurements. The TFD is a miniature
fission chamber that can be driven under computer control down the centre guide tube of the
HESIR assembly. For each core configuration, the RFSP calculated fluxes were adjusted by a
single normalization factor to obtain simultaneously the best fit for all the scan data taken in that
core state.
In general, TFD scan flux comparisons corroborate the conclusions made from in-core detector
flux comparisons. When the absolute scan fluxes were compared to RFSP calculations, the
agreement was consistent with that found for the vanadium detector fluxes, with RMS values 23%.
For the SOR 19 half-inserted case, there was a discrepancy between the actual insertion depth
and the modelled insertion depth. The insertion modelled in RFSP calculations was 55%, which
was the target insertion depth. However, the actual indicated insertion was 58%. Figure 4 shows
the comparisons of the RFSP calculated fluxes along HFD 3 to the scan measurements. HFD
3 is located just underneath the reactor horizontal mid-plane and in the neighbourhood of SOR
19. The flux profile from the diffusion results clearly showed the mismatch caused by the SOR
not being inserted far enough in the model. The mapping process, using the diffusion solution
as the fundamental mode, made substantial improvement towards matching the measured flux
shape.
The comparisons of TFD scan flux responses to RFSP simulation results are given in Table 3.
We note here that, as a result of the global normalization, the mean percentage difference for
individual scans can be up to 3%. However, the fit to the shape as indicated by the one-sigma
uncertainty is quite satisfactory, especially for the mapping results. This is consistent with the
extremely close agreement obtained by the mapping calculations to the in-core detector flux

responses shown in Table 2. We note again that the fit to horizontal scans is in general worse
than the fit to vertical scans.
Figures Sa and 5b show typical scan flux response (changes in the scan flux due to perturbation)
comparisons, along HFD 3 and VFD 16 respectively, for the MCA Bank half inserted case.

4.3 Channel Power Comparisons
Comparisons of HBAL channel powers to RFSP calculated results, summarized in Table 4, show
larger differences than the corresponding flux comparisons. Note that at the time of this study,
the production version 1.900 of the NUCIRC code used for coolant flow calculations was not as
fine-tuned as the version currently available. Version 1.900 did not allow the use of a circuit
model, instead it treated the slave channel with the site delta-P measurements as the header
boundary conditions. It also did not account for the header manifold effects (such as variation
in pressure across the header) or aging effects on surface roughness. Therefore, it was expected
that the NUCIRC flows would carry relatively large uncertainties, which propagated to the HBAL
channel powers when the NUCIRC flows were used in heat balance calculations.
For channel-by-channel comparisons, the one-sigma uncertainty is generally about 4-5%, and up
to 6.5% for the nominal core at low powers. Note that the measurement of temperatures at
power levels below 30% is less accurate. When the channel powers are low, the RTD bias
uncertainties are relatively large, which reduces the accuracy of the delta-T measurements. Note
also that the bias corrections used in the HBAL channel power calculations carried relatively
large errors for the highly skewed shapes such as the MCA/SOR half-in cases. The proportional
term in the bias corrections was proportional to the bulk reactor power and was not related to
local channel powers.
Comparisons of HBAL zone (pair) powers to those predicted by the history-based method are
summarized in Table 5. From the adjusters) out cases, it can be seen that there is a side-to-side
flux tilt mismatch, also noted above in Figure 3a. The central zone (pair 4/11) is systematically
under-predicted by up to 2%. The same radial mode discrepancy cannot be confirmed in zoneaverage vanadium flux comparisons, since the vanadium detectors are concentrated in the inner
core region.
Channel power response comparisons showed better agreement than the absolute channel power
comparisons, generally with an RMS in the range 2-3%. Again, this is because when taking the
ratio of perturbed to nominal channel powers, the common mode errors were removed.
The large RMS differences from the channel power comparisons relative to those from flux
comparisons indicated a need to improve the accuracy of the NUCIRC flow calculations and
reduce the uncertainty of the temperature measurements. It should be mentioned that with the
latest NUCIRC model refinements, the revised HBAL channel powers show a much reduced
RMS difference when compared to RFSP results.

4.4 Device Modelling and Reactivity Assessments
From the results presented above, we concluded that the RFSP adjuster model was reasonably
accurate in reproducing the flux and power increases for up to four banks withdrawn. The
measured maximum flux increase of 40% and channel power increase of 21% were reproduced
to within 1%. From the vertical flux response profile comparisons, it also appeared that the
adjuster positions in the RFSP model, which were modelled +6 cm up (on average) from the
symmetric position, were appropriate.
There was no definitive evidence that MCA/SOR incremental cross sections in the RFSP model
were neutronically too heavy or too light
The MCA Bank 1 half-insertion was modelled such that the bottom of the cadmium was at the
reactor centre line. The comparison of calculated and measured results for the flux responses and
the channel power responses supported the modelled rod positions.
As noted in Section 4.2, the SOR 19 half-insertion was mis-modelled as the rod cadmium bottom
at the reactor centre line. The indicated insertion was actually further in by 3%. The comparison
results clearly indicated that RFSP can reveal rod mis-positioning.
The reactivity effect of zone fill change was calibrated against moderator poison (gadolinium)
concentration change. The RFSP simulations reproduced the measured poison level change to
within 4%, which was within the measurement uncertainty.
The moderator boron concentration at criticality calculated with the history-based diffusion
method was lower than measured value by 0.45 ppm, which was more man two-sigma
measurement uncertainty. The reason for this discrepancy has not been explained. It was not
possible to validate the entire fission product transient reactivity effect due to the fact that the
gadolinium started to burn out once the power was brought up to higher than 5%, and the
recorded concentration did not distinguish the burnt-out isotopes from the others.

5.0 Conclusions
The very extensive comparisons with measurements confirmed that, in post-simulations, the RFSP
diffusion method is very accurate in the calculation of the overall global flux shape, including
all perturbed core states designed to test the code and also during the recovery transient after trip.
Local detector fluxes are interpolated from the mesh region fluxes and are accurate to a 1-sigma
uncertainty of 2-3%.
The history-based methodology is a refinement in the diffusion calculation, and it was
demonstrated that the agreement with measured data is improved by about 0.4% in the 1-sigma
uncertainty relative to the conventional diffusion method.
In terms of flux changes introduced by perturbations, the agreement between measurements and
simulations are generally better than 2% with biases that do not show any systematic pattern.

Any gross discrepancy between the RFSP model and the actual core configuration, such as the
depth of insertion of a shutoff rod, is readily shown by the relatively large differences.
The RFSP fluxes interpolated along the horizontal direction were consistently less accurate than
those along the vertical direction. The flux shapes in a horizontal direction, traversing across the
core region where many vertical devices are located, exhibit a fine structure with more local
variation. These fine flux variations were not reproduced in the RFSP model with homogenized
mesh properties and smeared device representation.
The flux mapping method, given the best diffusion solution as the fundamental, further improved
on the agreement with flux measurements, and removed the differences between the measured
and calculated flux tilts.
Comparisons of channel powers showed relatively larger differences than flux comparisons, and
a consistent under-prediction of channel power in the central region of the core. The results
indicated a need to refine the "measured" channel power calculations based on a certain coolant
flow prediction model. The radial mode discrepancy may also indicate that improvements are
required in RFSP modelling of the reflector and in the empirical representation of the calandria
core boundary.
Pre-simulation results were shown to be adequate for design analysis and for planning
applications. The guessed core parameters introduced an additional error which had some impact
on the overall flux shape predictions and the general trend of a transient.
The comparisons also pointed to the need for better planning of the experiments such that they
could be conducted under more ideal core conditions, so that certain calculated physics quantities
can be validated with less uncertainty. For example, more frequent sampling of the moderator
poison level is needed to track changes so that the fission product transient reactivity models can
be better validated; more horizontal flux scans are needed since they represent a more stringent
test of the code. Also, while we recognize the time constraint factor, scheduling the tests further
apart would allow the residual transient effect of the previous test to subside and not affect the
next set of tests.
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Table 1 Vanadium Flux Comparison - RMS Percentage Difference

Pre-Simulatlon

Standard
Diffusion

History-Based
Diffusion

Low Power Cases

3.16 (3)

2.41 (3)

2.63 (3)

Nominal Core 2-30% FP

2.67 (6)

2.10 (20)

2.12 (20)

Zone Drain Cases at 30% FP

2.86 (5)

2.41 (9)

2.18 (9)

Perturbed Cores at 30% and 50% FP

3.32 (6)

2.77 (8)

2.23 (8)

1.68 (6)

2.78 (3)

1.97 (3)

1.64 (3)

Nominal Core 68-75% FP

( ) indicates number of cases

Mapping

1.80 (7)

Table 2 in-Core Detector Flux Response Comparison - RMS Percentage Difference
Pre-Simulatlon

Standard

History-Based

Mapping

SDS1(34)
SDS2(24)
Van(102)
Zone(14)

3.88
6.17
5.78
6.04

1.18
2.62
1.21
1.11

1.06
2.20

0.56
2.27
0.62

SDS1
SDS2
Van

1.40
2.15
1.43
0.90

1.28
2.20
1.33
0.93

0.97
1.52
0.70

Zone

2.01
3.83
2.65
3.40

Zone 2 Drained

SDS1
SDS2
Van
Zone

1.34
1.47
2.13
2.66

2.83
2.71
2.76
2.54

1.56
1.82
1.55
1.47

0.60
0.74
0.30

AA Rod 18 Out

SDS1
SDS2
Van
Zone

1.60
1.68
1.97
2.12

2.33
2.76
2.55
2.46

2.09
2.62
2.34
2.24

0.22
0.76
0.25

AA Bank 1 Out

SDS1
SDS2
Van
Zone

1.49
1.26
2.17
3.10

2.00
2.98
2.45
2.48

2.13
3.06
2.51
2.39

0.28
1.03
0.29

AA banks 1-4 Out

SDS1
SDS2
Van
Zone

2.66
2.48
3.14
2.83

1.34
2.55
1.54
1.84

1.73
2.73
1.81
1.95

0.48
1.33
0.32

Case Description

Detector Type

MCA Bank 1 Half In
AA Bank 1 Out

SOR19Halfln

( ) indicates number of detectors

1.17
0.81

Table 3 TFD Scan Flux Response Comparison - Percentage Difference
Case Description

Assembly

Standard Diffusion

History-Based Diffusion

Mapping

Mean

Sigma

Mean

Sigma

Mean

Sigma

MCA Bank 1 Half In
AA Bank 1 Out

V16
H3

-1.97
+2.49

2.76
1.97

-0.91
+2.53

2.00
2.26

-2.35
+1.95

1.86
1.40

SORi9Halfln

V5
H3

-1.18
+1.90

0.61
4.06

•1.60
+2.38

1.15
3.98

+0.79
+1.62

0.78

Zone 2 Drained

V5
V16
H3

-0.79
+0.49
+1.65

2.30
2.06
1.62

-0.97
+0.02
+2.44

0.98
0.63
1.09

-023
-0.93
+2.36

0.76
0.31
0.62

AA Rod 18 Out

V5
V13
V16
H3

+1.63
-029
-2.67
+1.82

0.67
0.95
1.55
1.61

+1.06
-0.33
-2.77
+2.16

0.23
0.30
0.71
1.38

-0.42
-0.48

-127
+1.95

0.33
0.31
0.32
0.79

AA Bank 1 Out

V5
V13
V16
H3

+2.00
-0.40
-3.79
+2.41

0.42
0.51
0.39
1.77

+1.15
-0.28
-2.89
+2.10

0.69
0.73
0.96
1.13

-0.40
-1.14
-0.99
+2.09

0.58
0.46
0.29
0.82

AA banks 1-4 Out

V5
V13
V16
H3

+0.78
-0.62
-2.88
+2.95

0.73
0.81
0.24
1.41

+0.18
-0.67
-2.07
+2.41

0.64
0.74
1.07
1.16

-1.04
-1.06
-1.49
+229

0.40
0.66
0.41
1.14

1.77

Table 4 Channel Power Comparison - RFSP vs HBAL Percentage Difference

Case Description

P re-Simulation
Mean
Sigma

Standard Diffusion
Mean
Sigma

History-Based Diffusion
Mean
Sigma

Mapping
Mean
Sigma

Nominal Core, 7% FP

0.68

6.00

0.68

6.85

0.64

5.96

Nominal Core, 15% FP

0.68

6.47

0.68

6.37

0.66

6.80

Nominal Core, 30% FP

0.56

4.10

0.44

3.83

0.39

3.27

0.68

4.30

0.50

3.77

0.47

3.92

Nominal Core, 75% FP

0.78

5.16

0.59

4.10

0.54

3.89

SOR 3 Fully In, 30% FP

0.64

4.30

0.53

3.84

0.50

3.75

MCA 4 Fully I n , 30% FP

0.48

4.01

0.58

3.69

0.51

3.53

Nominal Core, 50% FP

0.69

4.73

MCA Bank 1 Half In
AA Bank 1 Out, 50% FP

1.40

7.06

0.48

4.36

0.37

3.32

0.30

3.61

SOR 19 Half In, 50% FP

0.77

4.67

0.63

424

0.44

3.82

0.37

3.65

Zone 2 Drained, 50% FP

0.64

4.17

0.69

4.61

0.51

3.64

0.48

3.83

AARod18Out,50%FP

0.66

4.29

0.74

5.05

0.53

4.32

0.48

3.76

AA Bank 1 Out, 50% FP

0.67

4.40

0.72

5.13

0.49

4.21

0.43

3.59

A A banks 1-4 Out, 50% FP

1.16

5.15

0.82

4.37

0.56

3.57

0.44

3.41

Table 5 Zone Pair Power Comparison - History-Based Diffusion vs HBAL Percentage Difference

C a s e Description

Zone Pair 1/8

Zone Pair 2/9

Zone Pair 3/10

Zone Pair 4/11

Zone Pair 5/12

Zone Pair 6/13

Zone Pair 7/14

Nominal Core

+1.67

+1.85

+0.60

-1.85

+0.44

-1.58

-1.01

MCA Bank 1 Half In
AA Bank 1 Out

+0.13

+1.67

-1.22

-1.19

+0.80

-0.96

+0.74

SORi9Halfln

-2.15

-0.19

-1.53

-1.29

+1.99

+0.43

+2.53

Zone 2 Drained

+1.00

+0.29

+1.11

-1.98

-0.05

-0.27

-0.15

AA Rod 18 Out

+3.23

+3.40

+0.63

-1.78

+0.11

-2.59

-2.67

AA Bank 1 Out

+3.46

+2.91

+0.86

-1.66

+0.10

-2.62

-2.82

AA Banks 1-4 Out

+2.40

+2.02

+0.16

-1.36

+0.37

-1.28

-0.92

(All at 50% FP)
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Abstract
Most of the activity of waste from PWRs are elements of the Actinide series, with
Plutonium as the most significant contributor. This report will assume that a sufficient
amount Plutonium can be separated and used in MOX fuel, so that the isotopes of
Neptunium and Americium become the most significant contributors to activity.
This report will compare various computational models for Actinide burning in PWRs. It
will be demonstrated that the simplest computational model will provide results that agree
with more detailed models. The simplest computational model can then be used to perform
a parametric study of Actinide behavior in the reactor to determine how different parameters
like concentration and position affect Actinide consumption.
The parametric study will demonstrate that a significant amount of Americium and
Neptunium isotopes can be consumed in the thermal spectrum of PWRs (around 500 kg
for ten cycles). The study will also reveal that cases with lower Actinide concentration
(20%) will be most suitable for Actinide burning in PWRs.

Chapter 1 Introduction
This section of the report will provide an introduction to the ideas of waste
recycling and the motivation behind developing recycling in PWRs. It will also give the
goals of this study and outline the study itself.

1.1

Background

The management of waste from nuclear power plants has become increasingly
important in light of new environmental and safety concerns. There are two main
components of radioactive waste from PWRs: Fission Products and Actinides (Plutonium,
Uranium, Americium, Neptunium...) Currently in France, Plutonium and Uranium
isotopes are being separated from the waste and are being used in MOX (UO2 - PUO2)
fuels. Though this decreases the hazard of radioactive waste, several other Actinides, such
as Minor Actinides, present hazards to both safety and ecology.
These conditions urge nuclear technology to find a more suitable method to deal
with the remainder of the waste. Ideally, the waste could be burned in fast reactors with a
substantial reduction in radiotoxicity levels and waste inventories. The hard neutron
spectrum of fast reactors eliminates most of the problematic waste more quickly due to the
higher fission to capture ratio at higher neutron energies. Unfortunately, fast reactor
technology is still being investigated and may not be implemented in time to sufficiently
control waste inventories. It is therefore crucial to investigate the feasibility of burning at
least some of the waste in the thermal spectrum of conventional light water reactors so that
we may begin to control waste inventories.
The study described here will investigate the behavior of only one major component
of PWR waste - the Minor Actinides. Actinides can be recycled in two ways:
homogeneously1 or heterogeneously. Homogeneous means that the Actinides will be
mixed in with the fuel; heterogeneous means that the Actinides will be separate pins and
occupy their own assembly. This study will examine heterogeneous recycling.
Specifically, we will look at the feasibility of burning Neptunium and Americium in the
thermal spectrum. Previous work2 has shown that when a sufficient amount of Plutonium
isotopes (99.5%) can be separated from the waste, the isotopes of Neptunium and
Americium tend to dominate the activity of the waste.
This study will assume that the Plutonium isotopes can be separated and used as
MOX fuel in French PWRs. The Americium isotopes, with their much shorter half-lives
tend to dominate for approximately 1000 years, while for times greater than 1000 years, the
long-lived Neptunium 237 is responsible for most of the hazard. Curium also makes a
contribution to the activity of the waste, but it will not be considered as an element to be
recycled in this study. The isotopes to be recycled are then Am241, Am243, and Np237.
Controlling the build-up of these isotopes should significantly help to lower the
radioactivity of PWR waste.

1.2

Goals

It is desirable to develop recycling in such a fashion as to permit its implementation
without requiring drastic changes in equipment and technology. This study examines
heterogeneous recycling, meaning that the Actinides will be fabricated into pins and will
occupy their own assembly. This will allow the pins to be fabricated separately from the
fuel, to be left in longer (or shorter) than the fuel, and to be removed and reprocessed
separately from the fuel. This report makes a comparison between the results of two
different computational models and it will be shown mat the simpler model offers results
that are reasonable and comparable to those of the complex model. Finally, this study
determines how the Actinides behave in the perimeter of the reactor and how various
parameters affect their consumption.

1.3

Computational Method Comparison

Ideally, the entire core of the reactor could be modeled with complete energy and
spatial detail. Unfortunately, such detail is prohibitively large, even with modern
supercomputers. We must rely on certain approximations that will have only a minor
impact on the parameters that are most important. The system we must model is an
Actinide target, surrounded by Uranium fuel. It is necessary to take account of the
heterogeneity between the fuel and the Actinide. We have performed calculations with a
two dimensional model without fuel evolution, a one dimensional model without fuel
evolution, and a one dimensional model with fuel evolution. These three methods will be
compared and the simplest model that is in reasonable agreement with the others will be
used for the parametric study.

1.4

Parametric Study

In the parametric study, we will draw comparisons between a standard and the
parametric cases for both Neptunium and Americium. The standard Actinide elements were
composed of 50% of the Actinide in an inert Aluminum matrix. The standard position was
taken to be the internal position, sandwiched between rows of fuel. The standard number
of pins was eight, and the standard moderating ratio was two. The parameters are listed in
Table 1 below.
Table 1: Parametric Study Parameters
Standard
Experimental
Position
Internal
External
Concentration
50%
20%
Number of Pins
8
4
Moderating Ratio
2
3
Each parameter was varied by one from the standard case for both Neptunium and
Americium, ten cases in all, including the standards. For the Actinide cells, the Actinide
composed either 20% or 50% of the cell, and the Neptunium was in oxide form (NpO2)
composed of 100% Np237. For Americium, the case was similar, except that the
Americium was composed of approximately 67% Am241,33% Am243, and a very small
fraction of Am242. These fractions correspond to the isotope vectors present in a typical
900 MWe French PWR3. For the internal position, the Actinide assemblies were bounded
by fuel on only one side. The two dimensional method and the one dimensional method
without fuel evolution were only performed for each standard case.

Chapter 2 The Computational Models
This section will present the three computational models that were used on the
standard cases and demonstrate that the one dimensional model with fuel evolution is
sufficient to perform an analysis. The system that is being modeled is a standard French
PWR core with Actinide assemblies in the outermost positions.

2.1

Neutronic Codes

As mentioned earlier, it is impossible to exactly model the behavior of neutrons in a
reactor. It is common practice for neutronic codes to be broken into spectrum calculations
and spatial calculations. A spectrum calculation will compute cross sections and diffusion
coefficients from approximations to the transport equation and from several energy groups.
This calculation relies on conserving the reaction rates and the effective eigenvalue of the
core for the burnup. The spectrum calculation will then compile a library of these cross

sections and coefficients for only two energy groups over the burnup cycle and region
specified by the input. The spectrum calculation does not contain much, if any, spatial
detail. This code will take only a small portion of the core geometry and assume that the
remainder of the core is an asymptotic reflection of this geometry. The spatial detail is
resolved by the second type of calculation which makes use of the diffusion equation and
the cross section and coefficient library compiled from the spectrum calculation. The
spatial code can then perform burnup and concentration calculations.
Since the core
can never be perfectly modeled, a compromise much be reached in how the two codes
perform. In this study, the most important factor is the concentration and consumption of
the Actinides, thus we must insure that the spectrum calculation is sufficient to model the
system. The code APOLLO 1 was first used to perform the spectrum calculations, and it is
with this code that we vary the computational model. With this scheme, we will look for
two effects. First, we must see the impact that the geometric description (one dimensional
or two dimensional) has on the cell calculation. Secondly, we must also check the impact
the fuel evolution has on both the cell calculation and the spatial calculation. For all
APOLLO jobs, the asymptotic cell was simply two assemblies: one Actinide, one fuel (see
Figure 1). CRONOS 2.1 was used to perform the spatial diffusion calculations. The
geometry input to CRONOS was the same regardless of the APOLLO model that was used.

2.2

ID Method

The less complex one dimensional model performed the cross section calculations
by submitting to APOLLO a simple row (34x1) of elements (see Figure 1). In this case,
the Actinides were bounded on either side by fuel and the flux was iterated over only
seventeen spatial groups.
For the case where the fuel was not allowed to evolve, the fission products were
included in the fuel in concentrations corresponding to a medium burnup (23500 MWD) to
be able to account for the decrease in the thermal flux that they would cause. For
Neptunium we used a CEA Neptunium decay chain, and for Americium we used a
modified CEA Americium decay chain3. For the ID model with fuel evolution, we kept
both the Actinide cells and a few average fuel cells in the cross section library to submit to
CRONOS 2.1. In all cases, fuel cross sections are taken from a standard CEA library.
However, in the case where the fuel evolves, the fuel near the pin is allowed to evolve with
the Actinide so that we may see what impact the Actinides have on the fuel. In the cases
where the fuel did not evolve, it was not worthwhile to retain fuel cross sections. The ID
library was then submitted to the CRONOS job to perform the diffusion calculations.

2.3

2D Method

The two dimensional model submitted a 13x13 diagonally reflective core to
APOLLO (see Figure 1). The 2D model iterated the flux separately over thirty spatial
groups in the core, using the standard number of energy groups. It is not possible to keep
all of the information generated from this geometry, so three representative Actinide cells
were chosen for the library. Three were chosen to try to represent the different positions
the Actinides would occupy. Thus one was chosen near the field, another near a
waterhole, and another near only to other Actinides. The 2D model only allowed for the
evolution of the Actinides and kept the concentrations in the fuel constant. This appears to
have little effect on the results and will be discussed later. Again, the concentrations of
Fission Products were included in the fuel. The corresponding decay chains from the ID
calculations were used. Finally, the cross section library generated by APOLLO 1 was used
in an identical CRONOS 2.1 job to perform diffusion calculations in full spatial detail for
the entire reactor core.

One Dimensional Model

Two Dimensional Model

Figure 1

2.4

Fuel Evolution

. To verify the effect of allowing evolution in the fuel, ID APOLLO jobs were ran
with and without fuel evolution. For Neptunium, the concentration of Np37 at the 10th
cycle was compared among the three cases and showed excellent agreement. The ID cases
varied by less than 1% from each other, showing that the evolution of the fuel has a
negligible impact on the Actinides. The 2D case varied from the ID cases by approximately
1.5%, which was due mostly to the different geometrical model and not to the lack of fuel
evolution. For Americium, the results were similar, the ID cases varied by less than 1%,
indicating that evolution does not greatly affect the behavior of the Actinides.

2.5

Comparisons

It is necessary to compare the 2D model to the ID models to insure that the ID
model generates results that are accurate enough to make an assessment about Actinide
consumption. Provided that the differences in the results from the standard cases for the
three models are only minor, we can use the simpler ID model to perform the parametric
study. The ID model can save a significant amount of CPU time and money. The 2D
APOLLO 1 job requires more than 11,000 CPU seconds on a Cray 2 computer, while the
ID job requires only 1,700 CPU seconds. Thus, the ID model can save us nearly 10,000
CPU seconds per APOLLO job on the Cray 2 or even much more time if the jobs are run
on the RISC-based machines.
Below Table 2 lists the significant results from each of the computational methods
for both Americium and Neptunium for the 10th cycle.
Table 2: Calculations! Method Results
Transmutation
Total
Consumption (kg)
Rate
Americium ID
456
15.9%
Americium ID no evol.
509
17.7%
Americium 2D
496
17.3%
Neptunium ID
491
17.0%
Neptunium ID no evol.
454
15.0%
Neptunium 2D
449
15.6%
Case

Fission
Ratio
0.9869
0.9808
0.9861
0.9905
0.9915
0.9921

From the above table, we can see that there is some difference in Total Consumption and
Transmutation Rate, though in all cases, it is less than 10%. A more detailed analysis of
the results reveals that there is even less of a difference in the abundant isotopes like Np37,
Am41, and Am43. These low percentages indicate that the 2D method does not
significantly alter the results of the APOLLO run. Though a difference of 8.0% may seem
unacceptably high, it is important to remember the limitations of neutronic codes.
APOLLO can only make approximations to the transport equations through collision
probabilities, and these uncertainties will be compounded by other approximations
throughout APOLLO and CRONOS. In light of the uncertainty associated with the codes,
a difference of 10% (and usually much less) is not very significant.
It is also encouraging to note that the differences in the two methods get smaller at
higher cycles, and by the 15th cycle almost all of the parameters for Neptunium are within
5%. Some of the less abundant isotopes show a large difference, especially in early cycles,
but this is simply due to their low concentration. Curium isotopes seem to e difficult to
model, as there is no clear pattern to the way the percentages differ with cycle. The Curium
concentration is very low, and is not important in this study, thus the high percentages for
these isotopes bear little meaning. Np38 shows a fairly large difference between the two
methods (-13%), but again, this isotope is not very abundant. For Americium, all of the
Plutonium isotopes agree within 10% by the 15th cycle. The most important and abundant
isotopes (Np37, Am41, Am43, and Pu38) all show agreement within 8% by the 10th cycle
for both Neptunium and Americium.
Figures 2-5 at the end of this report show a comparison of the flux as a function of
distance in the core for the various cases. The dotted line on each plot represents the
boundary between the fuel and the Actinides. In all of the figures, the flux shapes and
magnitudes are very similar and sometimes exactly the same. This implies that the simpler
models will be adequate to model the flux in the Actinide assemblies.

2.6

Conclusions

It is clear that the differences between the models are only minor and hardly impact
the concentration of the Actinides. Though there are some differences in the results from
the one and two dimensional methods, these differences are either smaller than the inherent
uncertainty in the application of neutronic codes, i.e. the correspondence of the cell and
spatial calculations, or they are in parameters that do not concern the behavior of the
Actinides. The ID model is adequate to perform the parametric study. The ID model, the
parametric study, and the results and conclusions from the study will be discussed in the
following chapter.

Chapter 3 The Parametric Study
Now that the ID method has been validated, we can use it to perform the parametric
study that was described in Section 1.4. This chapter will present the results and
conclusions from the parametric study.

3.1 Perturbation Effects
Tables 13 and 14 below give the results from the preliminary study on the effect of
the Actinides on reactivity coefficients. There is only a small change in the coefficients
over the cycle of the core for both the internal and external Actinide positions. The
coefficients always remain negative, insuring that any perturbation in temperature or boron
will lead to a stable state.

Table 3: Sensitivity Study on
Case
Np4
Reactivity Coefficient
Moderator Temp
-28.6
BOC
-64.1
EOC
Fuel Temp
-2.6
BOC
-2.8
EOC
Boron Coefficient
BOC
-7.5
-8.3
EOC

Reactivity, Internal
Am4 Np8 Am8

Table 4: Sensitivity Study on
Case
Np4
Reactivity Coefficient
Moderator Temp
-28.5
BOC
-63.8
EOC
Fuel Temp
-2.6
BOC
-2.7
EOC
Boron Coefficient
-7.4
BOC
-8.2
EOC

Reactivity, External
Am4 Np8 Am8

-28.6 -28.5 -28.5
-64.2 -64.0
-2.6
-2.8

-2.6
-2.8

-2.6

-7.5
-8.3

-7.4
-8.2

-7.4

-28.5 -28.6 -28.6
-63.8 -63.9 -64.0
-2.6
-2.7

-2.6
-2.8

-2.6
-2.7

-7.4
-8.1

-7.4
-8.2

-7.4
-8.1

3.2 Americium
3.2.1 Background
As would be expected from its short half-life, the buildup of Am242 is negligible.
Am242 also has high fission and absorption cross sections, which help to keep its
concentration low. The buildup of other Actinides is of some concern, though, primarily in
isotopes of Plutonium and Curium. The buildup of Cm244 is produced by Am243
absorbing a neutron to form Am244, which quickly beta decays to Cm244. This decay
scheme should result in only a small production of Cm244, which will contribute little to
long lived waste in light of its comparatively short half-life (18.1 years). The other
isotopes of Curium are produced in only trace amounts, except for Cm242. Cm242 is
produced similar to the way Cm244 is produced. Am241 absorbs a neutron, the product
quickly decays to form Cm242. Fortunately Cm242 has only a 160 day half-life and does
not present a long-term waste problem.
Two isotopes of Plutonium are of concern, Pu238 and Pu242 242. The vector
isotope for Pu238 reaches 19% in the 20% Americium pins, the production of Pu238 is
driven by the alpha decay of Cm242. Cm242 is formed by the beta decay of Am242,
which is of course formed by neutron absorption in Am241. The half-life of Cm242 is 168
days, so it will decay rather quickly to the long lived Pu242. This is the main method of
Pu242 production. Although these Plutonium isotopes present a significant contribution to
the waste, they will be separated and reused as previously mentioned.

3.2.2 Results
Table 5 below lists the consumption and fission ratio for each case in the study.
The parameter of burnup is dependent on the density of the heavy atoms in the pin. Thus

the burnup cannot be used to make a direct comparison between cases, since the initial
density will vary for the 20% cases and the high moderating ratio case. The fission ratio
tabulated with the results was calculated by dividing the sum of the concentrations of the
heavy nuclides at the fifth and tenth cycle by the sum of the initial concentrations of the
heavy nuclides for the first cycle. This will be a more direct means of comparison because
it is simply a ratio of concentrations and reflects the number of fissions occurring in heavy
nuclides. The lower the fission ratio, the more fissions have occurred. A low fission ratio
implies that there are fewer heavy nuclei in the current cycle than in the initial concentration,
thus indicating more fissions, since fission is the only way to remove heavy nuclei.

Case
50%
50%
20%
50%
50%

Am
Am
Am
Am
Am

standard
external
high MR
4 pins

Table 5: Americium Results
Total
Transmutation
Consumption (kg)
Rate
18.8%
539
467
16.3%
517
57.5%
523
25.4%
516
36.0%

Fission
Ratio
0.9838
0.9884
0.9064
0.9751
0.9574

3.2.2 Discussion
From the above table for the tenth cycle, it is clear that the standard case offers the
highest amount of Actinide consumption at 539 kilograms. The standard case also has a
high fission ratio, 0.9839, implying that the percentage of fissions averaged over the
Actinides.is low. The high moderating ratio case offers almost as much consumption, 523
kg, but at a slightly lower fission ratio, 0.9751. The external position has the lowest linear
power, but also has the lowest consumption, lowest transmutation rate, and highest fission
ratio. Since power density of the pins does not seem to be a limiting factor, the external
case is least desirable from a consumption and transmutation standpoint. The 20% case
offers a high transmutation rate and a reasonable consumption, 517 kg, and a very low
fission ratio is low, thus the high transmutation rate, to give a comparable amount of
consumption.
The transmutation rate provides an indication of how much of the Actinide is being
transformed. The transmutation rate is calculated by multiplying the sum of the isotope
vectors for Americium by the fission ratio, and subtracting one from this product. Thus
what we have is an estimate of the percentage of interactions that resulted in fissioning or
capturing an initial Actinide. In general, a high transmutation rate is good, but the figure of
mass consumption is a more direct means of comparison. We see that the 20% case has the
highest transmutation rate, followed by the four pin case and the high moderating ratio
case. It is important to remember that these values are a function of the fission ratio, which
is dependent on the initial concentration of Actinide and determines flux levels and reaction
rates in the Actinides.

3.2.4 Analysis
Table 7, at the end of this chapter, tabulates the thermal to fast ratio of absorption
reaction rates for three cycles during the irradiation. For the Americium cases the ratio
tends to decrease for higher cycles. This is due to the buildup of the fissile Curium (242,
243, 244) and Plutonium (244) isotopes. These isotopes have smaller absorption cross
sections than the Americium isotopes, and since the thermal to fast flux ratio remains
roughly constant over ten cycles (this implies that the fuel is a constant source: see Table 8)
the thermal reaction rates must show a corresponding decrease. The thermal to fast flux
ratio remains constant due to the presence of the core as a constant source. The ratio will
be different in the Actinide pins, but will remain constant throughout due to the constant

source of core. The decrease in the thermal reaction rates will make the ratios in Table 7
smaller at higher cycles. The ratio is highest for the 20% Americium case. This is logical
since the lower concentration of heavy atoms will be better at thermalizing the neutron
population. The high moderating ratio case also shows a fairly high ratio, since it too has a
higher thermal neutron population than the standard or the four pin case.
These results can be verified by the attached plots for the Americium cases, Figure
4. We see that the 20% case has the highest thermal flux in the Actinide pins and it drops
off more slowly due to the lower concentration of Actinides The high moderating ratio case
demonstrates similar behavior, though to a lesser degree. For the standard case, the flux
drops off very rapidly inside the Actinide region and rises as it approaches the fuel again.
The four pin case demonstrates the same behavior, though it maintains a higher thermal
flux throughout its length due to the smaller "shielding" effect of the four pins. It is
interesting to note that the four pin case consumes almost as much as the eight pin standard
case, even though there is only half the original Actinide for the four pin case. This is due
to the fact that the flux drops off very quickly inside the Actinide pins. Nearly all the
consumption takes place in the region closest to the high thermal flux of the reactor because
the thermal flux is not sustained through the remainder of the Actinides. The 20% case
achieves its consumption by sustaining a thermal flux throughout the length of the
Actinides. The external case demonstrates a drop similar to that of the standard case, but
closer to the edge of the core, since the Actinide pins are near the edge of the core.
3 . 2 . 5 Conclusions
In general, the consumption rates are promising and show potential for recycling
Actinides in thermal spectra. A 1450 MWe French LWR produces, on average, 7.4 kg/yr
of Am241 and 4.3 kg/yr of Am243 3 . These values are for a reference core of the type we
are analyzing with 45000 MWD/t fuel management, 1/5 core loading and five years of
cooling time. Although these values are by no means exact, they can be used to obtain an
idea of the impact on the inventory of Actinides. If it is assumed that ten cycles correspond
to approximately ten years, there is potential to consume more than three times the
Actinides produced during that period of operation. Then there is potential to both
eliminate these Actinide from the waste stream and to deplete the Americium already being
stored.

3.3

Neptunium

3 . 3 . 1 Background
For the incineration of Np237, the primary concern is the buildup of Plutonium
isotopes. The buildup of Americium and Curium is negligible, because the absorption and
decay scheme that leads to them is too long to be observed in the ten or fifteen cycles
calculated. The production of Plutonium is more noticeable for the Neptunium cases
because the beta decay of almost all Neptunium isotopes leads to Plutonium. Furthermore,
most Neptunium isotopes have much shorter half-lives than the alpha decay of Curium
isotopes, so Plutonium is produced more efficiently by Neptunium. The isotope formed
with the greatest abundance is Pu238, which is formed by the beta decay of Np238.
Essentially, Np237 will either fission, which contributes almost nothing to the isotopes we
are tracking, or it will absorb a neutron, forming Np238. Np238 has a half-life of only
2.11 days, so it will immediately form Pu238, with a half-life of 87.7 years. The relatively
large absorption cross section of Np237 permits the formation of Np238 and ultimately the
formation of Pu238. Pu238 has a significant absorption cross section and will form
Pu239, which will form Pu240, and so on. A look at the results verifies this decay
scheme.
In each case that Np237 and Pu238 account for more than 95% of the heavy
isotopes, with some contribution from Pu239 239. The concentration of Np238 is kept

low by its fast decay to Pu238. Essentially, an absorption scheme continues, with heavier
isotopes of Plutonium absorbing a neutron to form the next heavies isotope. The isotope
vectors for Pu239 and Pu241 are small due to their high fission cross sections, though they
will absorb some neutrons to form Pu240 and Pu242. Pu242, with its long half-life and
comparatively low absorption and fission cross sections, will compose most of the
Plutonium, aside from Pu238 which is produced directly from Neptunium. Each heavier
Plutonium isotope can only be produced by neutron absorption in its lighter neighbor, so
heavier isotopes will be less abundant, with the exception of Pu242 which does not absorb
or fission, and has a long half life. Again, it is expected that these Plutonium isotopes can
be separated and used in MOX fuels.

3.3.2 Results
The total consumption for the core over ten cycles, the fission ratio, the
transmutation rate, and the linear power for each case is tabulated below.

Case
50%
50%
20%
50%
50%

Np Standard
Np External
Np
high MR
Np 4 pins

Table 6: Neptunium Results
Total
Transmutation
Consumption (kg)
Rate
17.0%
491
402
13.9%
376
42.3%
469
21.7%
30.8%
445

Fission
Ratio
0.9905
0.9915
0.9383
0.9856
0.9701

3.3.3 Discussion
The behavior of Neptunium parallels that of Americium. We see the highest
consumption in the standard case, with the high moderating ratio case as the nearest
competitor. In general, the fission ratios for Neptunium are higher than for Americium,
indicating a slightly lower percentage of fission in Neptunium. The fission ratios behave
similar to those of the Americium case. We see very low fission ratios in the 20% Np case
and the 4 pin case. The remainder of the fission ratios are roughly equal, with the high
moderating ratio case demonstrating a slightly lower fission ratio.
The transmutation rates also parallel mat of Americium, with the 20% case showing
the highest transmutation rate, followed by the 4 pin case. Though the transmutation rates
for Neptunium and Americium are nearly the same, the rates for Neptunium are lower for
the 20% case.

3.3.4 Analysis
Table 7 again tabulates the thermal to fast absorption reaction rate ratios for each of
the cases. We immediately notice that the trend of the ratios is reversed for Neptunium.
This is due to the fact that the absorption cross section for Pu238 is higher than the
absorption cross section for Np237. Pu238 is the only other main component of the
Actinide assemblies after irradiation, so its high thermal absorption cross section will tend
to increase thermal reaction rates in the constant thermal to fast flux ratio. The absorption
reaction rate ratios demonstrate the same order as Am, with the 20% case showing the
highest ratio, followed by the high moderating ratio case, the 4 pin case, and the standard
case. Figure 5 shows the plots of the thermal flux versus position in the core for the
Neptunium cases. The behavior is very similar to that of the Americium case, with the
exception that all the cases show a smaller drop in the thermal flux at the beginning of the
Actinide sub-assembly due to the lower thermal flux (and thus lower reaction rates) in the
fuel preceding the Neptunium. Although the thermal reaction rates for Neptunium tend to
increase over 10 cycles, the reaction rates are still lower than those observed in Americium
because Neptunium cross sections are lower. We see that the 20% case has the most

gradually decreasing thermal flux, followed by the high moderating ratio case, as would be
expected. For Neptunium we see an increase in the thermal to fast flux ratio as the Actinide
region is entered for the 20% case and the high moderating ratio case, and decreases in the
ratio for the remainder of the cases. The 4 pin case makes a slightly larger drop in the ratio
than the standard, but it recovers more quickly because there are only 4 Actinide pins.
Again we note that the 4 pin case consumes almost as much as the standard case due to the
high transmutation in the 4 pin case. This again indicates that most of the transformation is
occurring in the part nearest to the core of the reactor.
3.3.5 Conclusions
As with Americium, the consumption rates for Neptunium show a great deal of
promise.
An average 1450 MWe PWR will produce around 14.7 kg of Neptunium per
year.3 So with these consumption rates we can eliminate Neptunium from the waste stream
and deplete the Neptunium that has already been produced. The consumption rates for
Neptunium suggest that we could deplete the stockpile of Neptunium faster than the
Americium waste.

3.4 Comments

The heterogeneous recycling of both Neptunium and Americium show a great deal
of promise. As mentioned in Chapter 1, the primary goal of this study is safety and ease of
technological transition. With these two considerations in mind, it may prove
advantageous to recycle Neptunium homogeneously. The activity of Neptunium is low
enough that it could be reprocessed at existing MOX facilities in France with only slight
equipment modification. This would save a substantial amount of investment in new
facilities, and would limit exposure to high activity Actinide pins. Americium, however,
has a substantially higher gamma dose, and would require more shielding than current
MOX facilities are equipped with. It will be necessary then, to fabricate Americium in a
new plant even if it is to be burned homogeneously. If this is the case, it will be better to
burn Americium heterogeneously so that it will not have to be so closely linked to the fuel
cycle.

Table 7: Ratio of Thermal to Fast Absorption
1
5
10
CYCLE
Am Standard
0.7274
0.6680
0.6066
Am External
0.7346
0.6194
0.5903
Am 20%
1.633
1.551
1.484
Am High MR
0.9973
0.9448
0.8722
Am 4 Pins
0.8887
0.8394
0.7966
Np Standard
0.7108
0.7621
0.7888
Np External
0.7177
0.7685
0.7843
Np 20%
1.815
2.063
2.113
Np High MR
1.050'
1.131
1.165
Np 4 Pins
0.7392
0.8286
0.8722

Table 8: Ratio of Thermal Flux to Fast Flux
CYCLE
5
10
Am Standard
0.172
0.168
Am External
0.148
0.155
Am 20%
0.193
0.198
Am High MR
0.180
0.181
Am 4 Pins
0.161
0.162
Np Standard
0.117
0.114
Np External
0.118
0.118
Np 20%
0.138
0.129
Np High MR
0.126
0.121
Np 4 Pins
0.125
0.119

Chapter 4 - Conclusion
In summary, the heterogeneous recycling of Np237, Am241 and Am243
demonstrates the potential to eliminate these isotopes from the waste stream and to deplete
the inventory of this waste that has already been produced. The thermal spectrum seems
sufficient to provide for the consumption of roughly twice the average production of
Np237, Am241 and Am243. The recycling of these isotopes, combined with the recycling
of Plutonium isotopes or use of MOX fuel will greatly reduce*the hazard and long term
radioactivity of nuclear waste. The 20% case demonstrates die highest transmutation rates
and is most suitable for recycling since its assemblies will have considerably lower activity
than the other cases. The 20% case will also have a linear power that is more similar to that
of the core of the reactor, thus eliminating temperature transients. Furthermore, the 20%
case maintains a more even thermal flux over its entire width, providing for more even
consumption in the pins.
'"Etude Parametrique du Recyclagc Homogene des Actinides Mineurs dans des Reacteurs a Eau Legere sous
Pression (REP)," M. Delpcch, Note Technique CEA, DER/SPRC/LEDC
2

"Neutron-induced Transmutation of High-Level Radioactive Waste," H.C. Claibome; Oak Ridge National
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"Hypotheses, Donnees et Methodes de Calcul Utilisees dan les Etudes dlncinceration d'Actinides Mineurs
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Figure 2 - Flux in Americium Pins 5th cycle
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Figure 3 - Flux in Neptunium Pins 5th cycle
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Figure 4 - Thermal Flux In Americium Pins 5th cycle
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Figure 5 - Thermal Flux in Neptunium Pins 5th cycle
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1. ABSTRACT
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There is increasing evidence that the formation of Cs(ZrxIyC) compounds is the chemical step
involved in preventing stress corrosion cracking (SCC) of fuel cladding. Mass spectrometry
results suggest that Cs(ZrxIyC) compounds are not the SCC agents, because the vapour
pressure of iodine over these compounds is very low, even at 320°C. In this work, results are
reported on the effects of CO2 and CANLUB on the SCC of Zircaloy. All metallurgically
susceptible specimens exposed to an adequate stress in a corrosive environment cracked,
except for those tested in the presence of Z r ^ C and those exposed in the presence of both
CO2 and gamma irradiation. These results suggest that Z^I^C-type compounds are not SCC
agents, and the SCC susceptibility of Zircaloy will probably decrease in the presence of both
CO2 and gamma irradiation.

2. INTRODUCTION
CANDU fuel elements can fail by stress corrosion cracking (SCC) of the Zircaloy-4 cladding
during, or following, power ramps. Such failures result from the combined actions of stress
concentrations and corrosive fission products. To combat the problem, the CANLUB graphite
coating was developed to reduce the operating stress in the cladding below the critical level
for SCC. However, it became evident that the observed beneficial effects of CANLUB
coatings on fuel performance stemmed primarily from the interaction of the coating with
fission products, rather than from lubrication of the fuel-cladding interface (1). Therefore the
coating must interact with corrosive species, either physically (as a barrier) or chemically. It
was concluded, however, that the graphite coating is porous and ineffective as a barrier (2).
Hence its effectiveness in preventing SCC must result from chemical interaction with the
corrosive species.
A review in 1988/89 showed several mechanisms by which CANLUB could trap iodine, and
indicated a possible mechanism for chemical attack of the cladding and of its protective oxide
layer (2). Work during 1989 showed that carbon could form compounds such as ZrJ^C at

reactor temperatures and it was argued that these compounds could immobilize corrosive
iodine species such as I2 and Zrl4 (3). Detecting ZrxIyC-type compounds in spent fuel bundles
proved to be very difficult. However in 1990, X-ray photoelectron spectroscopy (XPS)
showed that minute quantities of metal iodide(s), probably Cs(Zr-I-C) type compounds, were
present on the inter-pellet graphite discs from a spent fuel element. The stability of ZrJ^C to
a neutron fluence of 1.4 x 1018n.cm'2 was also demonstrated (4). The work described in this
paper clarifies the role of ZrxIyC compounds in preventing SCC of Zircaloy fuel cladding.

3. EXPERIMENTAL
3.1

Vapour Pressure of Iodine Above Cluster Compounds

A vacuum rig equipped with a VG SQ200 mass spectrometer, operated at ~10'8 torr, was used
to measure the (non-equilibrium) vapour pressure of iodine above the cluster compounds and
I 2 from-25 o Cto325°C
Highly-purified ZrJ^C and Cs(Zr6I12C)I2 were synthesized using reactor-grade Zircaloy-4,
DAG-154 (from Acheson Colloids) and reagent-grade Zrl4 and Csl powders (from Alfa
Chemicals) at 700°C for IS days. Temperature was measured with thermocouples strapped to
the outside of the quartz tubing. Both the Zrl4 and Csl were used in the as-received
condition, while the DAG-154 was passed through Zircaloy-4 tubing and then cured at 320°C
for two hours in vacuum (~10~3 torr) and cooled overnight in vacuum. These procedures were
used to minimize the amount of moisture, organic solvents and entrapped gases in the
graphite coating. All reactions were carried out in Zircaloy-4 tubes sealed by TIG (Tungsten
Inert Gas) welding in argon. Finally, the welded containers were placed in sealed quartz
tubes under vacuum to protect them from attack by the ambient atmosphere at high
temperature. After the reactions, the compounds were characterized by X-ray diffraction.
3.2

SCC Tests of Zircaloy-4 Cladding

As a fuel element experiences a power ramp, its cladding will encounter an increased hoop
stress and will be attacked by the released fission products. Out-reactor experiments have
shown that iodine, an abundant fission product, could make Zircaloy susceptible to SCC
similar to that observed in failed fuel elements (5).
SCC tests were performed on rings cut from Zircaloy-4 cladding, both uncoated and
CANLUB coated, in the presence of various iodine species (such as I2, Csl, Zrl4 and ZrJ^C),
at a concentration of -0.02 gl of the active agent per cm2 of Zircaloy surface. The rings were
split longitudinally and loaded to a stress of -300 MPa at 320°C, either in evacuated capsules
(10"6 torr) or in capsules partially filled with CO2 (10'2 torr), then exposed with and without
gamma irradiation, for 24 hours. The test matrix is listed in Table 1. The low-nickel
Zircaloy-4 fuel sheathing was selected from a batch (MLI-790) known to be very susceptible

to iodine-induced SCC. This susceptibility results from a strong crystallographic texture such
that the basal poles are preferentially aligned in the transverse direction. The experimental
technique used here is described elsewhere (6,7).
Table 1: Variables Used in the SCC Test
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3. RESULTS AND DISCUSSION

3.1

Vapour Pressure of Iodine above Cluster Compounds

The vapour pressure of iodine above the cluster compounds (ZrJjjC and
^
measured by a mass spectrometer at -10"* Torr, was very different from that of I2, as shown
in Figure 1. Iodine (as Ij) evaporated very quickly in vacuum even below room temperature
(-25°C), but the compounds remained very stable; i.e., no major increase in mass 127 peak
height occurred while the temperature was changed from -25 to 325°C. This further supports
the hypothesis that Cs(ZrxIyC) compounds are not an intermediate product from a reaction
chain, because they are relatively stable when compared with I2 or Zrlx. Therefore, the
formation of such compounds should inhibit the SCC process, because the compounds are
binding the corrosive reactants (such as Zrl4 and Csl) in a relatively inert form. Zirconium
iodides are known to produce rapid SCC of Zircaloy. Without the formation of the stable
Cs(ZrxIyC) compound, Zrl4 will be reduced by excess metal to Zrl3 and Zrl2, and SCC
becomes possible. The following chemical equations summarize the formation of Cs(ZrxIyC)
from Zr, Zrl4, Csl and CANLUB:
3Zr + 3ZrI4 + C -»
5Zr + 7ZrI4 + 2C -> 2Zr6I14C
HZr + 13ZrI4 + 4C + 4CsI

• I 2 (20 mg)
x Zr 6 I 12 C (20 mg)
o CsZr 6 I 14 C (20 mg)
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Figure 1: The measured (non-equilibrium) iodine vapour pressure by mass spectrometer, for
I2, Zr6I12C and CsZrJ M C, while changing the temperature.

3.2

SCC Tests

A total of 48 stressed Zircaloy rings were SCC tested, and 16 of the 48 specimens were tested
in a gammacell. Sections containing a fracture surface were examined by SEM. On all
surfaces examined, the fracture pattern was similar to those observed elsewhere (6); i.e., a
mixture of transgranular fluting and intergranular cracking (Figure 2).
All metallurgically-susceptible specimens exposed to the above stress condition in a corrosive
environment cracked, except for those tested in Z r ^ C and those exposed in the presence of
both CO2 and gamma irradiation. These are important findings to clarify that the ZrJ^C-type
compounds are not SCC agents. The vapour pressure of iodine over Z T J ^ C is very low even
at 320°C; thus iodine is stabilized as Zrj 12 C and is not involved in the SCC process. Further,
since ZrO2 is known to be a good catalyst for hydrocarbon formation in the presence of
CO2 + Hj/H2O + gamma irradiation (Figure 3), the presence of these hydrocarbons appears to
aid the formation of Zr^I^C-type compounds; thus it protects the cladding by consuming the
active species.
These, and previous, results also suggest that the active ingredient in the CANLUB coating is
likely to be the "organic carbon" left after standard curing, because:
a)

calculations suggest that more than enough C atoms should be available in a standard
CANLUB graphite layer (6 urn) to react with all the fission-product iodine produced (8),
even though SCC is still occurring, partially because most of the C atoms are nonvolatile; and

b)

the power ramp performance of the fuel improved with a lower CANLUB curing
temperature (9) or a thicker coating (10-11), because the number of volatile C atoms
increased in both cases.

4.

CONCLUSIONS

To elucidate the effects of the Cs(ZrxIyC) compounds we have carried out two types of
experiments:
a)

We have shown that the vapour pressure of iodine above the compounds (Zr6I12C and
Cs(Zr6I,2C)I2), measured by a mass spectrometer, is very different from that of I2. Thus a
ZrJuC-type compound does not promote SCC, because the vapour pressure of iodine
over Zrgl^C is very low even at 320°C.

b)

We have demonstrated that Zr6It2C compounds are not SCC-causative agents, and the
SCC susceptibility of Zircaloy will probably decrease in the presence of both CO2 and
gamma irradiation.

Figure 2: Crack propagation on all failed rings was by a mixture of intergranular cracking and
transgranuar fluting.
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Figure 3: XPS Cls spectra of the prefilmed oxides grown on Zircaloy-4 after exposed to a)
CO2 and b) CO2 with gamma irradiation.
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ABSTRACT
A fission product release model has been applied to the analysis of increased activity levels in
the primary heat transport system at the Point Lepreau Nuclear Generating Station following a
defect excursion. A comparison has been made between the predicted and measured coolant
activity levels of w Kr, 133Xe, and 135Xe, as a function of time, resulting from a known number
of defective fuel bundles (based on post-irradiation examination) that had been introduced into
the core during refuelling. The model has also been used in a reverse procedure to predict
the number of defective fuel elements present in-core based on an analysis of the coolant
activity during steady-state conditions.

1.

INTRODUCTION

From 24 January 1991 to 19 February 1992 increased radiation levels in the primary heat
transport system (PHTS) were recorded by the gaseous fission product (GFP) monitoring
system at the Point Lepreau Nuclear Generating Station (PLNGS). Post irradiation
examination of discharged fuel, done in the Hot-Cell Facilities at the Chalk River
Laboratories (CRL), attributed the cladding defects to sheath hydriding. This hydriding
possibly resulted from an excess of hydrogen in the CANLUB coating and, on two of the
elements, from incomplete end closure welds.1
A model of fission product release from defective fuel under normal operating conditions has
previously been developed from a series of experiments conducted in the X-2 loop of the
NRX reactor at the CRL and validated with known fuel failures at several power reactors.2
This model has become the basis of an expert system for monitoring fuel defects in CANDU
power reactors.3 This paper shows the application of the model to the analysis of the fission
product activity recorded at the PLNGS and compares the predictions with post-irradiation
analysis of the defected fuel.

2.

MODEL DESCRIPTION

Fission products diffuse through the UO2 grains into the fuel-to sheath gap where they may be
subsequently released through a cladding breach into the PHTS. The model employs Booth
diffusion2-3 to describe the migration of fission products through the fuel. Release to the
coolant through a cladding breach follows a first-order kinetic theory. In addition, the fission
product signal in the PHTS may be enhanced by recoil from tramp uranium contamination on
in-reactor piping surfaces. Fission products produced from this source can also circulate in
the coolant. The equations that follow are derived for conditions of steady state in the
reactor, i.e., the concentration of the fission products is not changing with time.
The cumulative release-to-birth ratio is given by:2"4
D

/

-

\

A

(1)
where A x •
D' e. «

number of defects
empirical diffusion coefficient of fission products in UO2 (s 1 )
escape rate constant of fission products from the fuel-to-sheath gap of the fuel
rods (s 1 )
A, radioactive decay constant (s'1)
H factor to account for precursor diffusion effects in UO2
c ™ constant contribution from tramp uranium.

This equation is not applicable to fuel elements which operate below 25 kW/m, since there is
no data for fuel operating below this power. The first term in Eq. (1) describes the fission
product diffusion to the fuel-to-sheath gap and its subsequent release from the failed fuel.
The second term accounts for the releases due to recoil from any tramp uranium. The
precursor diffusion term, H, has been tabulated in Ref. 3 and may be calculated according
to: 5 - 6

(2)
= 1 +

where fb is the branching fraction, Yd and Yp the cumulative yield of the daughter and parent
isotope respectively, and £d is the effective decay constant of the daughter isotope which, for
the case of l35Xe, includes the rate of loss due to neutron absorption (see Section 3).
The escape rate coefficient e has been shown to be a function of the distance a fission
product must travel in the fuel-to-sheath gap, i.e., it depends upon the location of the defect.
The coefficient is calculated according to: 23
e = 2m/£

,

(3)

where a =
n =
I =

surface-exchange coefficient between the gap and coolant (7.14 x 10"6 m/s for
noble gases)
1/2 for an end-rod defect; n - 1 for a mid-rod defect
length of the fuel rod (0.477 m).

The release-to-birth ratio can be calculated using the measured activity concentration of the
coolant:23

(II •
where R
B
F
Y
P =
VL Q, -

(4)
FY

release rate (atoms/s)
birth rate (atoms/s) - FY
fission rate of the defective element (fissions/s)
cumulative fission yield (atom/fission)
rate of loss due to degassing, dilution etc. (s 1 )
PHTS loop coolant mass (kg)
measured coolant activity concentration (Bq/kg).

Decay during the transport time around the loop is negligible for the isotopes considered,
since their half-lives are significantly greater than the recirculation time.

3.

ANALYSIS

3.1.

Activity Due to Tramp Uranium

The activity concentration in the coolant produced from the tramp uranium was determined
from the reactor reactivity logs containing the fission product activity levels measured in
December 1990, before the defects occurred. The average activity concentrations are shown
in Table 1. The activity of the 131I was not measurable.

Table 1. Activity Concentration Due to Tramp Uranium in the PHTS
Radionuclide

Activity
Concentration
(MBq/kg)

Xe-135

1.1

Xe-133

0.86

Kr-88

0.30

1-131

0.0

3.2.

Activity Due to Defected Fuel

The predicted activity concentration produced by a defective fuel element can be determined
by equating Eqs. (1) and (4):

0 a

(5)

where the index i refers to a specific element in a specific bundle, and the index j refers to
the different nuclides. In the above equation it has been assumed that x = 1, i.e., there is
only one defective element per fuel bundle, as was confirmed by the post-irradiation
examination.1 In addition, for the purposes of the calculation, it was assumed that all of the
defects occurred in the same position, near the end welds (n = xh in Eq. (3)). The escape
rate coefficient, e, was therefore a constant for all elements. The parameter VL was also
assumed to be constant regardless of which of the two loops the element was located in since
there is an interchange of coolant between the two loops. Values of e, /?, and VL are given in
Table 2. The parameter 0 was found to be effectively zero for this analysis. The decay
constants Xj, the yields Yj, and the values for Hj are listed in Table 3. Calculation of the
fission rate, Fj, and the diffusion coefficient, D ' 8, is complicated by the dependence of these
quantities upon the power of the element, Pj, that is a function of the bundle power, PB (in
kW). The diffusion coefficient can be taken as a constant for the noble gas species. The
fission rate Fs(t) (in fissions/s) and the diffusion coefficient D' ,(t) (in s 1 ) are calculated
from:3

- 23.1091}
3.«9l)

^

where it is assumed that the defect occurs on an outer element of a fuel bundle consisting of
37 elements, where the fission rate, and hence the element power, is 1.13 times greater than
the bundle average. The bundle power, PB(t), varies with the bundle's location and the
length of time spent in the reactor. The time dependent value of the power for a given
bundle was estimated using a linear interpolation between the maximum and the discharge
power for a given bundle, assuming that the maximum occurred when the fuel was first
introduced into the reactor and the minimum occurred immediately before discharge. The
average of this linear model typically agrees with the power station records of average power
within 5%.

Table 2. Constants Used in the Present Analysis
Parameter

Value

e

1.50 x 10-5 s 1

/3 (chronic escape) = 0.65 kg hVV L

vL

1.89 x 10-' s 1
95629 kg

Table 3. Isotopic Data for the Noble Gas Isotopes and one Precursor
Xj (s 1 )

Yj (atoms/fission)

Xe-135

2.12 x 10-5

0.0654

Xe-133

1.53 x 10"6

0.0670

1.12

Kr-88

6.78 x lO"5

0.0355

1.03

2.91 x 1O"5

0.0630

—

Radionuclide

1-135 (precursor to Xe-135)

H

i

The total expected activity concentration of a particular isotope is the sum of the
contributions from each defective element (Eq. (5)) plus that due to the tramp uranium (Table
1):

Calculation of the total activity for each isotope was done on a spreadsheet containing the
date, time, and corresponding bundle power. Predicted activities were calculated using Eqs.
(5) to (8) by summing the contribution from each bundle. Implicit in this method is the
assumption that the defective bundles release fission products from the time they are
introduced into the reactor. Examination of the measured activity concentrations shows that
there can be a delay of several days before a given defect becomes a source. The
assumption that an equilibrium fission-product concentration is established immediately is of
course less valid with increasing half-life of the fission product. Thus, the measured activity
of 133Xe , for example, lags noticeably behind the prediction. Plots of measured versus
calculated concentrations of "Kr, 133Xe and 135Xe are shown in Figures 1 to 3.
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3.3.

Comparison of the predicted and measured activity concentration of 135Xe in
the PHTS. The upper- and lower-bound predictions are based on the
calculation of £ in Appendicies A.I and A.2, respectively.

Analysis for

135

Y?

Analysis of the activity concentration of 135Xe is more complex because it has a high capture
cross section for neutrons and it has a long-lived iodine precursor. The rate of release of
135
Xe from a single defect through a diffusion process is given by:

(9)
R =

The effective decay constant is given by:
$ =X

(10)

where 4> is the thermal flux, and a is the average microscopic absorption cross section for
135
Xe. Equation (9) takes into consideration the loss of 135Xe through natural decay as well
as neutron absorption as it diffuses through the fuel. The factor H is also a function of £, as
shown in Eq. (2).
Once in the coolant, 135Xe will continue to absorb neutrons as long as it is within the reactor
core. It is assumed that the fraction of the time that the coolant spends in the core is equal
to the volume fraction, f, of coolant within the core at any given time. This was estimated
by subtracting the total fuel bundle volume from the total channel volume. The steady-state
equation governing the activity concentration in the PHTS is:

dt

VL

assuming the flux in the coolant is approximately equal to that in the fuel. Losses due to
chronic escape and other sinks are small compared to the decay constant of 13SXe.
Combining Eqs. (9) and (11), the calculated equilibrium activity concentration of 135Xe due to
one defective element is given by
c = l

n

B

«= ,

D'ZHFY

Using the methods of Appendix A for the calculation of £, a prediction of the activity
concentration of 13SXe was made. The results are shown on Figure 3, where the measured
concentration is bounded, i.e., the concentration is overpredicted by a factor of two using the
method in Appendix A.I, and underpredicted by a factor of four using the method in
Appendix A.2. The predicted concentration is therefore very sensitive to the value calculated
for the effective decay constant.

3.4.

Number of Defective Elements

Instead of predicting the activity concentration due to fuel elements that were known to be
defective, one can reverse the procedure and estimate the number of defective elements in the
reactor based on the measured activity concentration.
Several assumptions are required, the most important being an assumed bundle power. The
bundle power has a strong influence on the diffusion coefficient and hence on the amount of
activity released. One must also assume that the activity concentration has reached
equilibrium. Figure 4 shows a plot of activity concentration for 88Kr and 133Xe for the
PLNGS over a period of 250 days. Four regions were chosen where equilibrium of both
long and short lived isotopes appears to have been reached.
The measured release-to-birth ratios were calculated using Eq. (4). Equation (1) was then fit
to these values using e and A as fitting parameters. The fitting was performed iteratively,
where a unique solution was obtained since e is constrained by the slope of the R/B versus X
curve (as shown, for example, in Figure A. 1). The corresponding number of defective
elements can be found using the value calculated for A:

where D ' is calculated according to Eq. (7), assuming an average value for the bundle
power. The results are shown in Table 4, which compares the number of defective elements
predicted with the number confirmed by the post-irradiation examination.
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Steady-state coolant activity levels (cross-hatched areas) of ^Kr and 133Xe for
the PLNGS.
Table 4. Predicted Number of Defects
Region Dates

Predicted Number of
Defective Elements

Observed Number of
Defective Elementsw

02/06/91 - 13/06/91

4

3 to 7

10/07/91 - 02/08/91

7

3 to 11

09/08/91 - 27/08/91

8

3 to 11

07/09/91 - 19/09/91

7

1 to8

(a) The lower value is the number of elements with faulty end cap
welds; the upper value indicates the total number of suspect
elements based on post-irradiation examination and delayed
neutron monitoring.1 It is not clear, however, that the bundles
had hydrided by the dates given.

4.

DISCUSSION

Figures 1 to 3 show the results of the model fit to the measured activity for the three noble
gas isotopes. Agreement is fair, but it is apparent that the assumption that the defects existed
from the time the fuel was inserted into the reactor is not always valid. This observation is
most apparent with the longer-lived 133Xe where in Figure 2a the measured signal lags the
prediction by about five days. On the other hand, this discrepancy does not occur during the
period shown in Figure 2b, where the defects had been in the reactor for a considerable
length of time.
Prediction of the 135Xe activity is only shown to be within a factor of about two to four
(Figure 3), depending on the method used to calculate the effective decay constant £ (see
Appendix A). As with the 133Xe, the prediction leads the measured signal, but the main
difficulty for 13SXe is in the calculation of £. As a result, this isotope will be less reliable as
a predictive tool for the reverse calculation, the one most likely to be encountered, where
one wants to predict the number of defects from the measured coolant activity.
The prediction of the number of defects from the measured activity signal was very
successful. Table 4 shows the results of predictions made during four periods of reactor
operation. All of the predictions are well within the range of the number of defects that
were later confirmed.

5.

CONCLUSIONS

The model for fission product release from defected fuel elements, developed from analysis
of the experiments done in the X-2 loop at the CRL, can be used to predict the noble gas
activity in the coolant resulting from power reactor operation with defected fuel. The
prediction of l35Xe activity is, however, less accurate than that for l33Xe or 88Kr, primarily
because of the large capture cross section of 135Xe for thermal neutrons. This phenomenon
makes accurate calculation of the effective half-life of this isotope difficult.
Application of the model to determine the number of defected fuel elements causing a
measured coolant activity was very successful. The predictions were all within the range of
the number of defects subsequently identified by delayed neutron monitoring and postirradiation examination.
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Appendix A: Calculation of £
A.I.

Iterative Method

The effective decay constant for 135Xe may be estimated from a log-log plot of the release-tobirth ratio versus die decay constant, as measured during a period of steady state. Three
periods where the concentration of all three radionuclides were at equilibrium are plotted on
Figure A.I. The release-to-birth ratio was calculated using an average bundle power of all
the defective bundles on the respective dates. The data for 133Xe and "Kr lie on a line of
slope -1, i.e., R/B is proportional to X'1. This dependence is consistent with a diffusionbased release mechanism from the fuel combined with diffusion along the fuel-to-sheath gap.
For any point on this line, the logarithm of the release-to-birth ratio is given by:
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Figure A. 1.

Measured release-to-birth ratios of the Noble Gas fission products.

6.629 18/03/91
6.239 14/04/91
6.369 28/06/91

(A 1)

where b is the value of the y-intercept, which varies with the date. The location of the data
point for 135Xe is initially unknown. The effective decay constant to be used for 135Xe is
given by Eq. (10), where both the measured release-to-birth ratio in Eq. (9) and H in Eq. (2)
depend on this parameter.
The measured release-to-birth ratio to be plotted is determined from the activity concentration
as follows from Eq. (11):
C*

(A.2)

X J FY '
The neutron absorption term, a<f>, affects both the horizontal and the vertical position of the
point on Figure A. 1. The value for both R/B and the effective decay constant can be
determined by an iterative method. An initial value of d<t> was chosen so that a value of R/B
could be calculated from Eq. (A.2). The value of H was determined by dividing the value of
R/B from Eq. (A.2) by that obtained from the plot on Figure A. 1 at the expected value of £
(Eq. (10)): .

)
(I
B)m

x+fd<t>
—~X
-\og(X

FY

The next value of a<t> was obtained by solving for this quantity in Eq. (2), where it was
implicitly assumed that D p ' = D d '. Successive iterations gave a value of £ = 8.0 x 10 s s'1.
A.2.

Fission Rate Method

The neutron flux in a defective fuel element can be obtained from the fission rate F:7
N

u-nsaf

and
T'

_£
T

(A.5)

where T is the neutron temperature ( = 409 K), g f (T) = 0.937 accounts for the non-l/v
behaviour at temperature T of the microscopic fission cross-section of ^ U , To = 293 K, and
Of (To) = 582 b. The number of ^ U atoms, N ^ s , is calculated assuming natural
enrichment (0.7205 wt. % ^ U in U) and a mass of 511 g of uranium per fuel element. For
I35
Xe, the average microscopic absorption cross-section is defined as:
1/2

a =

(A.6)

Thus, using Eqs. (A.4) to (A.6),

a<f> = —

where a, (To) = 2.65 x 106 b and g, (T) = 1.227. For example, at a typical bundle power
of 780 kW, Eq. (A.7) yields an effective decay constant of £ = 5.0 x 10 4 s 1 . This value is
also consistent with that determined by reactor physics code calculations, but it is at least an
order of magnitude less than that determined by the iterative method in Section A.I.
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1.

ABSTRACT

Knowledge of fuel element behaviour during a reactor transient is of importance in the safety and
licensing of CANDU reactors. In transients such as a large break loss-of-coolant accidents
(LOCA), fuel and sheath temperatures increase rapidly due to the loss of cooling, resulting in a
corresponding increase in internal gas pressure and decrease in sheath strength. Deformation of
the sheath will occur once the coolant pressure drops below the element internal gas pressure,
with the potential for sheath failure and subsequent release of fission products into the reactor
cooling system.
ELOCA.MkS is a FORTRAN-77 computer code developed to model the thermo-mechanical
response and associated fission product release behaviour of CANDU fuel elements during hightemperature LOCA-type transients. In its thermo-mechanical mode, Mk4S, ELOCA.MkS is
capable of performing a multi-segment analysis of a CANDU fuel element, accounting for axial
variations in sheath temperatures, metallurgical regions and reactor neutron flux. In its Mk5
mode, EL0CA.Mk5 is capable of modelling the formation, diffusion, sweeping and release of
gaseous fission products from the fuel, in addition to the thermo-mechanical processes. In this
paper, ELOCA.Mk5 was applied in the Mk4S mode to simulate two in-reactor LOCA
experiments, FIO-136 and FIO-131 [2].
Experiment FIO-136 consisted of four elements subjected to a coolant depressurization in the
Power Burst Facility at Idaho Falls. Two of the four elements, BA05 and BA07, were used in
the Mk4S simulations. FIO-131 consisted of a single fresh element, with an artificially set
internal gas pressure, subjected to a coolant depressurization in the NRX reactor. Measured
values of internal gas pressure, central fuel temperature and post-test, true plastic strain profiles
were compared to the corresponding ELOCA.Miscalculated values for both experiments with
good agreement obtained for most parameters.

2.

INTRODUCTION

Fuel behaviour during postulated loss-of-coolant accidents (LOCA) is important in the safety and
licensing of CANDU reactors. EL0CA.Mk5 is a FORTRAN-77 computer code that calculates

the thermo-mechanical response and gaseous fission product release behaviour of CANDU fuel
elements under high-temperature transient conditions encountered during LOCAs [1].
Detailed thermo-mechanical analysis of CANDU elements can be performed by sub-dividing a
given element into a number of axial segments with corresponding lengths chosen to account for
differences in sheath metallurgical properties, linear power and thermalhydraulic conditions along
its length. Coupled thermo-mechanical and fission gas release analyses, to account for the
feedback effects of fuel swelling and gas pressure increases caused by transient fission gas
release, can also be carried out but are currently limited to a single axial segment representation
of a fuel element.
This paper describes the capabilities of ELOCA.MkS and focuses on its application to the detailed
thermo-mechanical behaviour of a number of CANDU-type fuel elements subjected to in-reactor
depressurizations typical of LOCAs. To that end, code calculations of gas pressure, central fuel
temperature and post-test true plastic strain profiles are compared to measurements from two
different tests, one conducted in the NRX reactor at Chalk River Laboratories (CRNL) in 1983,
and the other in the Power Burst Facility (PBF) at the Idaho Falls National Engineering
Laboratory (INEL) in 1984 [2].

3.

THE ELOCA.Mk5 CODE

EL0CA.Mk5 is an integration of the FREEDOM [3] gaseous fission-product release model into
the ELOCA [1,4] fuel element thermo-mechanical code that allows the feedback mechanisms
between fission-product release and thermo-mechanical response to be modelled. In the thermomechanical mode, Mk4S, a fuel element can be subdivided into a maximum of 20 axial segments.
The segmentation feature is used to account for axial variations in thermalhydraulic conditions,
element power, Zircaloy microstructure, fuel physical state, fuel-to-sheath heat transfer, and
sheath oxidation and deformation.
In the Mk5 mode of ELOCA.Mk5, the thermo-mechanical processes are coupled with calculations
for grain growth and fission product formation, diffusion, swelling and release of active and
stable gaseous fission products from a single segment representation of the fuel element.
Fuel and sheath temperatures are calculated using a finite difference method where the fuel
element is subdivided into a maximum of 100 concentric radial annuli. The method accounts for
the radial conduction of heat through the fuel element and includes heat generation contributions
from the latent heat of Zircaloy phase change and UO2 melting, and the Zircaloy/steam chemical
reaction.
The sheath deformation model in ELOCA.Mk5 calculates the stresses necessary when the strain
rate is imposed by mechanical contact between fuel and sheath. As well, when there is no
mechanical contact, the strain rate is calculated based on stresses determined according to the thin
membrane model [4].
The sheath plastic deformation model uses a strain-rate type of constitutive equation. It is a

microstructurally based model that includes the effects of grain size, recrystallization, phase
change and hardening/recovery, on the creep rate [5].

4.

EXPERIMENTS SIMULATED

4.1

PBF/FIO-136 Experiment

The CANDU/PBF LOCA test consisted of subjecting three previously irradiated elements (120
MW.h/kg U) and one unirradiated element to a coolant depressurization (LOCA) and power spike
in the Power Burst Facility (PBF) at the Idaho Falls National Engineering Laboratory (INEL).
The PBF facility is capable of providing a brief power pulse to the fuel elements typical of
large-break LOCA conditions in a CANDU reactor [2]. The four elements were vertically
oriented in the PBF reactor and contained in individual flow shroud assemblies to maintain
nearly-identical conditions during the transient. The elements were designed to study the effect of
axial variation of metallurgical properties, internal gas pressure and prior irradiation on fuel
element behaviour.
The fully instrumented elements BA05 and BA07 were used in the ELOCA.Mk5 analyses
reported here. Element BA05 was previously irradiated at a constant power of 60 kW/m to a
burnup of 120 MW.h/kg U in the X-1 loop of the NRX reactor to provide fuel conditions typical
of high power fuel elements in CANDU reactors [2]. BA07 was a fresh element.
Prior to the transient, elements BAOS and BA07 were instrumented with pressure transducers to
monitor changes in the internal gas pressure during the test. Element BA07 was also
instrumented with a Type C thermocouple to measure fuel centerline temperature. Elements
BA05 and BA07 were repressurized with a mixture of 95 % Ar and 5 % He to cold internal
pressures of 1.091 MPa and 0.52 MPa, respectively. Four Zircaloy-sheathed, LOFT-type
thermocouples (Type C) were welded to the sheath of each element; one near the top, two spaced
180° apart on the mid-plane and one near the bottom. The bottom thermocouple of element
BA05 was found to have failed during a leak-test. This thermocouple was capped and not
operational for the test [2].
Post-irradiation examination of element BA05 indicated that the element failed during the
transient. Oxide cracks measuring 30 /<m deep by 45 /tm wide were detected in the ZrO2 layer at
the location of sheath failure. The maximum diametral sheath strain was 26%, measured near the
failure location. Beryllium-braze-assisted cracks, to a maximum depth of 125 /xm, were detected
in the sheath under the appendages.
Element BA07 survived the transient with a maximum strain of about 4%.

4.2

FIO-131 Experiment

The FIO-131 experiment consisted of a single Zircaloy-sheathed element preconditioned at an
average power rating of ~ 68 kW/m for four days before being subjected to a blowdown in the

X-2 loop of the NRX reactor at Chalk River Laboratories. The bearing and spacer pads for this
element were attached using LASER welding, resulting in a sheath with consistent metallurgical
properties. The internal gas pressure inside the element was artificially set to 8.14 MPa
immediately before the transient by an in-situ helium gas pressurization system [6].
Central fuel temperatures were measured by two type C thermocouples passed through a central
hole cut into the fuel pellets. The bottom centerline thermocouple failed on reactor startup.
Sheath temperatures were measured using six Type C thermocouples attached in diametrically
opposed pairs to the sheath by LASER welding. One of the top pair of sheath thermocouples
failed prior to the transient, while the other failed during the transient.
A modified KAYMAN eddy current pressure transducer, used to measure the internal gas
pressure, was connected to the element free volume and in-situ pressurization system by capillary
tubing. The transducers and capillary tubes added about 1473 mm3 of free void volume to the
element [6].

5.

PREPARATION OF INPUT FOR ELESIM AND ELOCA

5.1

ELESIM Input

A FREEDOM version of ELESIM II Mod 10 [3,7] was used to calculate the pre-transient steadystate condition of the fuel. The code simulates the irradiation history of the fuel to calculate the
thermal-mechanical state, the inventory of fission products in the grain, in the grain boundaries
and in the fuel-to-sheath gap and the pre-transient gas pressure. These calculated parameters are
written to a data file, which is subsequently read to specify the initial fuel conditions to
ELOCA.Mk5.
PBF Experiment
BA07 was a fresh element with a pre-conditioning phase consisting of 12 hours at 47.0 kW/m and
4 hours at 57.4 kW/m. An additional 20 hours at 47.0 kW/m was included in the simulation to
match the reported burnup. However, the resulting high interface pressure (about 27 MPa)
predicted by ELESIM could not be handled by ELOCA.Mk5. Therefore, the interface pressure,
which was input to ELOCA.Mk5 via the data file, was reduced by 6 MPa.
The pre-conditioning phase of element BA05 consisted of 12 hours at 43.2 kW/m and 4 hours at
52.8 kW/m. This is in addition to the prior irradiation in the NRX reactor.
FIO-131 Experiment
The measured element free volume of 8200+200 mm3 differed significantly from the calculated
element free volume of 5140 mm3 [6]. The calculated free volume was used as input to ELESIM
since it agrees closely with measured volumes of elements tested previously. The transducer
volume was specified to be 1473 mm3.

5.2 ELOCA Input
ELOCA.Mk5 requires the initial fuel conditions from the data file created by ELESIM, the
coolant pressure and temperature, the sheath-to-coolant heat transfer coefficient the relative power
and flux factors for each segment, for each time period.
PBF Experiment
The axial variation of the Zircaloy microstructure caused by heat affected zones (HAZ) in the
vicinity of the brazed appendages was modelled by subdividing each of elements BAOS and BA07
into 19 segments of different lengths. Three different metallurgical zones were represented:
as-received Zircaloy, prior-/?, and recrystallized-a.
Measured sheath temperatures were specified directly in place of unknown coolant temperatures.
This was done by setting the sheath-to-coolant heat transfer coefficients to artificially high values.
A complete set of sheath temperature data exists for element BA07, but not for element BAOS
since its bottom thermocouple failed prior to the transient. Therefore, a set of bottom
temperatures was extrapolated from the middle thermocouple readings by using an averaged
multiplication factor derived from middle and bottom thermocouple readings of elements BA01
and BA07. For both elements, the individual sheath temperatures of segments located between
thermocouples were specified by linearly interpolating the thermocouple readings. Segments
between end thermocouples and the end of the element were assigned the temperatures from the
corresponding end thermocouple.
Elements BAOS and BA07 were simulated using their measured initial internal gas pressures of
6.S MPa and 2.S MPa, respectively, as input.
FIO-131 Experiment
The sheath was divided into 19 equal-length segments to account for the variations in sheath
temperatures along the length. Each segment was specified to be "as-received Zircaloy" to reflect
the uniform metallurgical properties resulting from the use of LASER-welded appendages.
Sheath temperatures for the failed top thermocouple were extrapolated from the other
thermocouple readings for the last ten seconds of the transient. The temperatures of individual
segments were specified in the same manner as described for the PBF experiment.
The initial gas pressure of 8.14 MPa was specified as input to ELOCA.MkS in order to
accurately simulate element behaviour. The transducer volume was specified to be 1473 mm3 at
588K, the average of the five sheath thermocouple temperatures at the start of the transient.
Because of the non-uniform neutron flux in the NRX reactor, the linear power along the length of
the element varied according to a cosine function. As well, the voiding of the test section during
the depressurization, resulted in a calculated power spike of 110% of the initial value
approximately 25 seconds after the start of the transient. Both of these effects were accounted for
in the ELOCA.Mk5 specification of the relative power during the transient.

6.

RESULTS AND DISCUSSION

The ELOCA.Mk5-calculated values of internal gas pressure, central fuel temperature (CFT) and
plastic hoop strain were compared to the measured values for the two experiments.
6.1

PBF Experiment
Element BA05

Figure 1 shows good agreement between the calculated and measured internal gas pressure during
the transient with the calculated pressure tending to be higher than measured during the first 25
seconds and lower thereafter. This level of agreement indicates that the time evolution of sheath
strain and fuel temperatures are modelled reasonably well.
The calculated and measured values of the final true plastic hoop strain profiles are compared in
Figure 2. The highly non-uniform strain profiles are the result of non-uniform temperatures
along the sheath, which differed by up to about 200°C from the top to the bottom of the element
during the early part of the transient. The lower temperatures at the top of the element have been
attributed to (a) cooling of the upper part of the fuel element by coolant initially entrapped in the
region above the fuel up to the shroud check valve, and (b) cooling of the upper part of the fuel
element by a fin cooling effect of the four thermocouple leads attached by Zircaloy clips that
were resistance-welded to the sheath surface [2].
In general, there is reasonable agreement between the shapes of the two strain profiles; except
that calculated strains are lower than measured along the upper, cooler part of the sheath and
higher along the hotter, bottom part. The calculated strain in the mid-element HAZ is
considerably lower than measured, while that in the bottom HAZ is significantly higher. The
poor agreement between calculated and measured strains in the HAZs is attributed to the high
variability of the data used as the basis for the prior-jS creep relationship in ELOCA.Mk5 [8].
The average true strains, obtained by integrating under the curves, are in very good agreement,
with 12.6% calculated versus 11.8% measured.
Element BA07
Figure 3 shows the calculated and measured CFTs to be in good agreement during the transient.
Calculated temperatures are up to 220K higher than measured during the first S seconds, less than
measured between 5 and 25 seconds and slightly higher between 25 seconds and 100 seconds.
Figure 4 shows good agreement between the calculated and measured internal gas pressures
during the first 20 seconds. Beyond that, the calculated pressure is significantly less than
measured up to about 60 seconds and greater than measured thereafter.
The calculated and measured final values of the true plastic strain profiles are compared in
Figure 5 with the trend of increasing strain from the cooler, top end to the hotter, bottom end of
the element being reasonably calculated. However, calculated strains in the HAZ are
significantly less than measured. The poor level of agreement in the HAZ is again attributed to

the variability of the prior-/? database. There is good agreement between the average integrated
true strain of 1.7% calculated and 2.1% measured.
The elements were also simulated with a relatively small ± 1 % variation in sheath temperatures,
reflecting the accuracy of the Type C thermocouples [9]. This does not include the additional
uncertainties due to fin cooling of the thermocouples and leads, which could result in measured
temperatures that are up to 100K less than actual [10]. This variation of sheath temperatures had
a comparable effect on the CFT, as expected. However, the effect on the final true strain profile
is much more significant because of the high sensitivity of sheath plastic strain to temperature,
particularly for the lower hot end of element BA05. There the calculated strain was found to
vary by up to a factor of 2.6 as a result of the ± 1 % sheath temperature variation (Figure 6).
As discussed, the bottom thermocouple of element BA05 was inoperable during the test, and
hence it was necessary to extrapolate temperatures from the mid-point thermocouple to this
location. Calculations were therefore done to investigate the effect of a ±2% (or about ±25K)
uncertainty in the temperature of the bottom thermocouple location. Increasing the temperature
by 2% resulted in unrealistically large increases in strains along the lower quarter of the sheath
and in very low strains in the along the upper three-quarters of the sheath (Figure 7). Decreasing
the bottom temperatures by 2% resulted in lower strains along the lower half of the sheath,
particularly in the HAZ, and in higher strains along the upper half. Figure 7 shows that when the
temperature is decreased by 2%, the overall agreement with the measured profile tends to be
better than that obtained with the reference case. These calculations further illustrate the very
significant effect of sheath temperature uncertainties on the strain behaviour of the lower half of
the element. This can be explained by the steep increase in creep rates as the sheath
microstructure changes from a mixture of recrystallized-a and prior-/? phases in the temperature
range of 1105K to 1245K to a pure & phase above 124SK. Post-irradiation examination of sheath
samples in the lower high strain region of the sheath confirmed the presence of both
recrystallized-a + prior-0 and prior-0 phases [10].
6.2

FIO-131

Figure 8 indicates that the calculated CFT is about 130K higher than that measured at the start of
the transient, approaches the measured value after about 25 seconds when the reactor is shut
down, and falls below the measured value for the remainder of the transient. Differences
between calculated and measured values are attributed in part to uncertainties in the average and
axial variation of linear power, and in part to uncertainties in the magnitude of the power pulse
caused by the voiding of the test section in the first 25 seconds of the transient during which full
power is maintained. The accuracy of average linear power measurements is generally quoted to
be within ± 5 % [11].
In Figure 9 the calculated value of internal gas pressure is seen to exceed the measured value by
up to about 17% after 25 seconds and to monotonically drop below the measured value thereafter,
reaching a final value that is about 40% less than measured. As can be seen by comparing
Figures 8 and 9, the differences between the calculated and measured pressures during the
transient can be attributed largely to the differences between the calculated and measured
temperatures. In general, calculated pressures are higher during the first 25 seconds when

calculated temperatures are higher, and lower for the remainder of the transient when calculated
temperatures are lower. This indicates that fuel expansion and contraction has the most
significant impact on the evolution of gas pressure, largely because of low sheath straining (as
discussed below).
The calculated and measured values of the true plastic strains are illustrated in Figure 10. In
general, the calculated strains are in good agreement with the measured, tending to be lower
along the lower linear power top half, and higher along the higher linear power, bottom half of
the element. The maximum calculated true strain is 5.3% versus the measured maximum of
about 4.6%. Good agreement is obtained between the average integrated calculated true strain of
2.5% and the measured of about 2.7%.
An additional simulation was done increasing the transducer volume by 50%, to 2200 mm3, to
investigate the effect of a larger volume (ie. measured element free volume) on the calculated
results. The additional volume had an insignificant effect on CFT and only a slight effect on
internal gas pressure (Figure 11). The extra volume tends to reduce the impact of temperature
and sheath strain on the total element volume and hence, on element pressure. Figure 12 shows
that the extra volume resulted in an insignificant effect on the calculated true strain in the upper
half of the element, and in a significant increase in the lower hotter end of the element. The
higher calculated strains, with respect to the reference solution, are attributed to the higher
internal gas pressure calculated during the last 25 seconds of the transient (Figure 11).

7.

CONCLUSIONS

ELOCA.Mk5 is a FORTRAN-77 computer code developed to simulate the thermo-mechanical
and fission product release behaviour of a CANDU fuel element during high temperature, LOCAtype transients. This paper describes thermo-mechanical analyses of two high temperature
transients, FIO-136 and FIO-131, by ELOCA.Mk5 in the multi-segment Mk4S mode.
Following are the main conclusions drawn from the analyses:
There is good agreement between the calculated and measured final values of the true
strain profiles for both experiments. This level of agreement is judged acceptable, given
the uncertainties in measured sheath temperatures and element power. Sensitivity
calculations have shown that sheath temperature uncertainties of only 12 to 25K can have a
large effect on calculated strains.
There is very good agreement between calculated and measured final values of the
average, integrated true strains for both experiments.
The poor agreement between calculated and measured true strains in the HAZs for the
PBF experiment is attributed to the variability of prior-/? material properties and to the
high sensitivity of the prior-/3 phase to small temperature variations because of its high
creep rate, as demonstrated by the sensitivity calculations.

Calculated CFTs are in good agreement with measurement for the PBF experiment.
Agreement between calculated and measured CFTs for the FIO-131 experiment is regarded
as acceptable, considering uncertainties in the average and axial distributions of linear
power and in the effect of local voiding on the magnitude of the power pulse during the
transient.
The evolution of calculated gas pressure during the transient is in reasonable agreement
with measurement, particularly for the higher strained element of the PBF experiment.
This indirectly confirms the calculation of the correct evolution of sheath strain during the
transients. The higher-than-expected difference between the calculated and measured gas
pressure for the FIO-131 experiment is attributed largely to the accuracy of the fuel
temperature calculation.
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1.

ABSTRACT

O^

In the UCE12 experiment, tests were conducted on bare fragments of irradiated UO2 fuel without
sheathing, and on segments of irradiated fuel with press-fitted Zircaloy end caps ("minielements"). These tests provide useful information on the role of the Zircaloy sheath in
mitigating fission-product releases from CANDU fuel. The tests were done in inert, steam and
air atmospheres between 1100°C and 1625°C. About 10-25% of the Cs was released from bare
fuel samples in inert atmosphere while heating to 1550°C. The addition of steam caused a more
rapid release. The intragranular bubbles in steam-oxidized samples serve as reservoirs for some
of the Cs inventory; this inventory may be released on oxidation to U3Og in air. In oxidizingatmosphere mini-element tests, the delay in oxidative release relative to the bare-fuel tests
corresponded to the time required for full oxidation of the sheath. The cesium release rates from
oxidized mini-elements were less than the release rates from oxidized bare UO2, probably due
to decreased gas transport in the gap between the oxidized sheath and the fuel. In two inertatmosphere mini-element tests, the Zircaloy probably also gettered oxygen from the UO2,
decreasing the rate of cesium release.

2.

INTRODUCTION

In CANDU safety and licensing studies, the understanding of fission-product release behaviour
is based on data from "integral-effect" in-reactor studies and "single-effect" out-reactor
experiments. Each out-reactor experiment consists of a series of post-irradiation annealing tests
done in a furnace contained in a shielded hot-cell. The UCE12 experiment included twenty
fission-product release tests on two types of fuel samples: bare fragments of UO2, and minielement samples consisting of segments of sheathed fuel with press-fitted Zircaloy end-caps. The
test temperatures ranged from 1100 to 1625°C, in atmospheres of argon, steam and air. The
objectives of this experiment were to assess the effect of oxidizing accident environments on
fission-product release, and to compare fission-product release from bare UO2 and Zircaloysheathed UO2 in order to understand the role of Zircaloy sheath in accident conditions. This
paper will focus on the observed release behaviour of cesium (Cs).

t

3.

APPARATUS

The U0 2 fuel specimens used in this experiment were taken from extended-burnup bundles
discharged from the Bruce A Unit 3 power reactor and from the NRU reactor at Chalk River
Laboratories. The Bruce fuel was from an outer element of bundle J647O3C [1], irradiated to
a burnup of 441 MWh/kgU. The NRU fuel was from an outer element of a natural-abundance
Bruce-type filler bundle for an irradiation, irradiated to a burnup of 370 MWh/kgU. Minielement samples were obtained from each fuel element by cutting the element transversely and
press-fitting Zircaloy end-caps on the fuel-element segment. Fragment samples were vibrated
out of fuel-element segments.
The furnace was a horizontal resistance-heated Lindberg furnace similar to that used in several
other hot-cell experiments [2, 3]; see Figure 1. A gas manifold/steam generator system was used
to pass purified argon, argon containing 2.05% H2 (referred to as Ar/H2 below), air and steam
mixtures over the sample. The argon was purified over heated copper turnings. Two yttriastabilized zirconia oxygen sensors were inserted into the furnace tube for measurement of oxygen
partial pressures upstream and downstream of the sample [4]. The calculated values of P(O2),
in combination with flow rate and composition information, were used to calculate hydrogen
production and/or oxygen consumption by the sample. The sample temperature was determined
using a Type R thermocouple leading into the sample boat, less man 1 cm from the sample. The
Cs-134 and Cs-137" y rays were observed using a y spectrometer viewing the sample directly
through the side of the furnace.
For each test, the furnace was heated to an initial test temperature under inert-gas flow, and the
sample was inserted into the field of view of the y spectrometer in inert atmosphere over a period
of 800-2400 s. For the oxidizing-atmosphere tests, the oxidizing atmosphere was then turned on.
In some tests, further temperature adjustments were made after sample insertion. The test
durations from the beginning of sample heatup to the end of sample cooling were in the range
8000 s to 25 000 s.

4.

RESULTS

A plot of Cs release for an inert-atmosphere test on a bare fragment of UO2 at 155O°C (T04) is
given in Figure 2. This sample showed a 25% release during the inert-heating period before
coming into the field of view of the y spectrometer, and a continuing release at a lower rate. By
contrast, an inert-atmosphere mini-element test at 1600°C (T10; Figure 3) showed lower Cs
release during the heating period (~15%), and an isothermal Cs release rate four times lower than
for the bare-fuel test. Ceramography also revealed major differences between the bare-fuel and
the mini-element samples; as-polished and etched micrographs from the bare (T04) and minielement (T10) samples are given in Figure 4. The etching behaviour and metallic inclusions in
the mini-element sample were unlike those observed in the as-irradiated fuel and in the bare-UO2

a

The y ray observed comes from Ba-137, a short-lived daughter (tl/2 = 153 s) of Cs-137.
This causes a slight delay in the observed release of Cs-137 relative to Cs-134.

sample; intragranular bubbles were observed in the bare-UO2 sample, but not in the mini-element
sample. Areas of interaction between Zircaloy and UO2 and intragranular metallic ingress were
also found in the periphery of the 1600°C mini-element sample (T10; Figure 4, micrograph C).
Similar etching behaviour and metallic inclusions were observed for an NRU mini-element tested
at 1400°C in argon (T09).
Plots of Cs release from bare fragments of Bruce fuel exposed to steam at 1100°C (T01) and
1550°C (T07) are shown in Figures 5 and 6. In the 155O°C steam test, the release during heating
in inert atmosphere was -10%. Oxidative Cs release began immediately on admission of steam
for all bare fragment tests in steam, except the test at 1100°C, where oxidative release was
delayed by -500-700 s (Figure 5). Isothermal Cs release from the samples in steam at >1400°C
proceeded rapidly in the first -1000 s of steam exposure, then the rate decreased by more than
an order of magnitude over the next -1000 s. The release characteristics for NRU fuel at 1550°C
in steam (T05) were similar to those for Bruce fuel (T07), except that the retained Cs inventory
in the NRU fuel was much lower after 6600 s of steam exposure (-6%) than in Bruce fuel
(40%).
Another test was done on a bare sample of Bruce fuel at 1400°C in steam atmosphere, followed
by exposure to air atmosphere (T02). The retained Cs inventory at the end of steam exposure
was rapidly released (over -1000 s) on exposure to air. This rapid-release behaviour was not
observed in similar steam/air tests done on bare fragments of NRU fuel at 1480°C (T17) and
1550°C (T06). Post-test micrographs of the T07, T05 and T02 samples are shown in Figure 7;
there were more intragranular bubbles in the Bruce fuel sample than in the NRU fuel sample, and
the air-treated sample had a different type of microstructure (characteristic of U3O8) with no
apparent intragranular bubbles.
Plots of Cs release for mini-element samples exposed to steam at 1400°C (T08) and 1586°C
(Tl 1) are shown in Figures 8 and 9. Oxidative Cs release was delayed by 1700 and 700 s for
the 1400°C (Figure 8) and 1586°C (Figure 9) samples, respectively; oxidative release was not
seen for a mini-element sample exposed to steam at 1100°C for 13800 s (T13). A second slight
rate increase was observed for the 1400°C sample after a further 2200 s of steam exposure.
Integration of hydrogen production measurements for the 1400°C test indicated that the Zircaloy
was 84% oxidized at the first rate increase, and 100% oxidized at the second rate increase. This
agrees with the extent of Zircaloy oxidation at initial oxidative release in some previouslypublished data [2, 3]. In the 1586°C steam test (Til), the integrated hydrogen production
indicated that the Zircaloy was 100% oxidized at the time of oxidative release.
Three tests were done in which the sample was heated to -800°C in inert atmosphere, followed
by admission of air and heating to 1600°C. These tests were performed on a bare fragment of
UO2 (T14; Figure 10), a mini-element with one end-cap removed (T20; Figure 11) and a minielement with two end-caps (T16; Figure 12). Oxidative Cs release started at ~1080°C for the
fragment sample, ~1340°C for the one-end-cap sample, and -1510°C for the two-end-cap sample.
Oxygen consumption measurements indicated that oxidative release from the two-end-cap sample
began after oxidation of the Zircaloy was complete, while the oxidation of the Zircaloy in the
one-end-cap sample was not complete before oxidative release began. Also, before full oxidative
release began, the two-end-cap sample showed a slight release, followed by a period with no

significant Cs release; the one-end-cap sample showed a slight release followed by a significant
Cs release before full oxidative release.

5.

DISCUSSION

Release of Cs during an inert-atmosphere test on bare UO2 at 1550°C (T04) followed the pattern
observed for other inert-atmosphere tests [5]: a rapid release during heating, and then a lower
release rate during the isothermal period. Isothermal release from mini-element samples heated
in inert atmosphere (T09 and T10) was slower than for the bare-UO2 samples; also, the minielement samples had no observable intragranular bubbles and were more strongly etched (Figure
4). The different behaviour of the bare-UO2 and the Zircaloy-sheathed samples may be explained
by consumption of the excess oxygen present in the fuel by the Zircaloy sheath. The metallic
interaction zones at the periphery of the 1600°C mini-element sample (T10) offer a path for
direct interaction of the Zircaloy with the solid UO2 matrix; interaction zones were not observed
in the 1400°C sample, but the ceramographic process was not optimized to observe very thin
layers. The excess oxygen in the fuel comes from the fission process, as the fission products do
not occupy as many oxygens as the parent uranium [6]. Oxygen gettering by the sheath during
operation is commonly proposed to consume some of the oxygen liberated by burnup [1, 6, 7,
8]. The deviation of the fuel from ideal UO2 stoichiometry is one of the factors that determines
diffusion rates of volatile fission products in the UO2 matrix [9, 10], which in turn is a ratedetermining step in fission-product release and growth of fission-product bubbles under many
circumstances.
Tests on bare fragments of UO2 showed enhanced release when steam was introduced [2]. At
1100°C (test T01), the enhanced release was delayed -500-700 s after steam addition, until the
calculated deviation from stoichiometry was 0.01-0.03. In the bare-fuel tests at 1SSO°C in steam
(T05 and T07), there was no perceptible delay in the Cs release (measured at -200 s intervals)
and a stoichiometry deviation of 0.03 was reached within 200 s. The proposed stoichiometry
deviation of 0.07-0.10 for oxidative Cs release [11] was reached after delay times of -1100 s at
1100°C (T01) and -650 s at 155O°C (T05), which would have been reflected in the Cs release
kinetics of both tests.
Comparing the bare-fuel tests at 155O°C in steam, the Bruce fuel had a higher stored Cs
inventory after the oxidative release was completed. Also, the release rate began to decrease at
a lower fractional release during the 1586°C Bruce-fuel mini-element steam test (Til) than in
the 1400°C NRU-fuel mini-element steam test (T08). The stored Cs inventory was probably
contained in intragranular bubbles [11], in agreement with the larger intragranular bubbles
observed in the Bruce fuel sample (T07) compared to the NRU fuel sample (T05). The
intragranular bubble inventory was released by oxidation to U3Og in air at 1400°C (T02), since
these bubbles are merged into the interconnected porosity in the U3O8. The addition of air at
1480°C (T17) or 1550°C (T06) did not cause the release of the (smaller) retained inventory in
these tests, indicating that the transformation to U3O8 did not occur at these temperatures. These
samples were cooled in air, so post-test micrographs could not be used to discern whether the
transformation had occurred at these temperatures. Thus, the U3Og phase stability limit in air is
probably between 1400 and 1480°C for fuels of this burnup, compared to the stability limit of

1510°C for unirradiated uranium oxides [12]. This difference may be due in part to temperature
measurement errors, or to fission-product effects on relative phase stabilities.
The mini-element tests in steam showed delays in oxidative Cs release relative to fragment tests
under similar conditions, in agreement with previously published data [2, 3]. The isothermal
release rate in steam at 1100°C for a mini-element (T13) was very low (at least 20 times lower
than for a bare UO2 fragment (T01)). Ceramography showed that the UO2 in the 1100°C steam
mini-element sample was not significantly oxidized during the test, accounting for the slow Cs
release. At 1400°C in steam (T08), the delay time corresponded to the time to oxidize the
Zircaloy sheath completely. The rate of oxidative release from the mini-element after complete
sheath oxidation remained slightly retarded, probably due to continued H2 production from thicker
Zircaloy components of the end-caps.
Oxidative Cs release occurred during slow heating in air at ~1510°C from a mini-element with
both end caps (T16) and ~1340°C from a mini-element with only one end cap (T20), while a
bare UO2 fragment (T14) began oxidative release at ~1080°C. In the two-end-cap test (T16),
rapid Cs release was delayed until the oxidation rate decreased due to complete consumption of
the Zircaloy. The access of oxidant to the fuel was considerably retarded, mainly due to
gettering of oxygen by the Zircaloy. The release rate from the one-end-cap sample (T20) also
increased at full Zircaloy oxidation, but the release rate before complete oxidation was higher
than for the two-end-cap sample, where the release (after an initial release of -2.5%) was
negligible until full Zircaloy oxidation.
Release of Cs may be slightly retarded by die presence of a covering of fully-oxidized Zircaloy.
The oxidative release rate from the one-end-cap sample (T20) after full Zircaloy oxidation was
-50% faster than the oxidative release rate from the two-end-cap sample (T16) at the same
temperature. The peak release rate from a mini-element at 1586°C in steam (Til) was slower
than for a fragment of fuel in steam at 155O°C (T07) by a factor of nearly two. This is probably
due to a decreased rate of gas transport in the gap between the oxidized sheath and the fuel,
affecting transport of Cs and hydrogen produced from UO2 oxidation. Sample size is unlikely
to be the dominant effect, because the one-end-cap and two-end-cap mini-element samples are
nearly the same size.

6.

CONCLUSIONS

•

Oxidation of bare UO2 fuel samples causes a large increase in the cesium release rate, as
documented in other experiments (e.g., [2, 3]). Air oxidation at 1400°C and lower
temperatures (~1100°C) caused complete Cs release, while steam oxidation and highertemperature air oxidation did not give complete Cs release.

•

The Zircaloy sheath was effective in delaying the onset of more rapid (oxidative) Cs
release. The duration of the delay period was equal to the time required to oxidize the
sheath. For an intact "mini-element" with two end-caps, the delay was the longest and
corresponded to the time required for oxidation of most of the sheath under attack from
the external surface only. Mini-elements that had only one end-cap showed shorter

delays, due to more rapid Zircaloy consumption (from inside and outside surfaces), direct
exposure of UO2 to the oxidant, and the smaller amount of Zircaloy present.
•

During inert-atmosphere tests, cesium release rates from mini-elements were lower than
from fragments; the Zircaloy sheath may have consumed some of the excess oxygen
present in the fuel, which would lower the rate of diffusion of volatile fission products.

•

The intragranular bubbles found in the fuel serve as reservoirs for some of the cesium
inventory. This inventory can be released from the bubbles to the interconnected porosity
during conversion to U3O8, giving complete Cs release. For the fuels used in this
experiment, the U3O8 phase stability limit in air was between 1400°C and 1480°C; the
difference between the published 1510°C stability limit for U3Og in air [12] and this
temperature range may be due in part to experimental error in temperature measurement,
or to fission-product effects on relative phase stabilities.

•

The oxidative Cs release rates from oxidized mini-elements were less than the rate of
release from bare oxidized UO2, probably due to decreased gas transport in the gap
between the fuel and the oxidized sheath.

The observations in the UCE12 experiment suggest that the timing of oxidative Cs releases
should be modelled based on the time required for complete sheath oxidation (for fuel in "intact"
geometry). Exposure of significant areas of UO2 to the surrounding gas will cause onset of
oxidative release before complete sheath oxidation. Also, the trapping of Cs within intragranular
bubbles seems to be a mechanism for retaining volatile fission products within the fuel even after
oxidation, provided that the matrix is not oxidized to the U3Og phase.
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Diagram of hot-cell experimental apparatus for experiment UCE12.
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Figure 2. Cesium release percentage and sample temperature vs. time for
a fragment of Bruce fuel at 1550° C in Ar/H2 and Ar (UCE12 test T04).
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Figure 3 . Cesium release percentage and sample temperature vs. time for
a mini-element of Bruce fuel at 1600°C in argon (UCE12 test T10).
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Figure 4. Post-test micrographs of a bare fragment of Brace fuel exposed to Ar at 1550°C(T04;
micrographs A and B) and a Bruce mini-element exposed to Ar at 1600°C (T10;
micrographs C (peripheral) and D (mid-radius)). Fewer intragranular bubbles are
found in the mini-element sample.
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Figure 6. Cesium release percentage and sample temperature vs. time for
a fragment of Bruce fuel at 1100°C in steam (UCE12 test T 0 1 ) .
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Figure 6. Cesium release percentage end sample temperature vs. time for
a fragment of Bruce fuel at 1 5 5 0 * 0 in steam (UCE12 test T07).
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Figure 7. Post-test micrographs of Bruce fuel exposed to steam at 1550°C (T07; micrographs
A and B), NRU fuel exposed to steam at 1550°C (T05; micrographs C and D) and
Bruce fuel exposed to steam, then air at 1400°C (T02; micrographs E and F). Fewer
intragranular bubbles are found in the NRU fuel sample, and no intragranular bubbles
are found in the air-exposed sample.
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Figure 8. Cesium release percentage and sample temperature vs. time for
a mini-element of NRU fuel at 1400°C in steam (UCE12 test T08I.
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Figure 9. Cesium release percentage end sample temperature vs. time for
a mini-element of Bruce fuel at 1B86°C in steam (UCE12 test T11).
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a fragment of NRU fuel at 800-1600°C in air (UCE12 test T14).
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Figure 1 1 . Cesium release percentage and sample temperature vs. time for
a mini-element of NRU fuel with one end-cap at 800-1800°C in air (UCE12 test T20).
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Figure 12. Cesium release percentage and sample temperature vs. time for
a mini-element of Bruce fuel with two end-caps at 8 0 0 - 1 6 0 0 ° C in air (UCE12 test T16).
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ABSTRACT
Mechanical fatigue tests on fuel bundles fabricated using a number of end-plate designs were
carried out in an Instron Testing Machine to evaluate their fatigue tolerance. End plate cracking
was produced by cyclically displacing the inner 19 fuel elements in the axial direction relative
to the outer elements. This produced bending stresses in the assembly welds, resulting in end
plate cracking.
The test results showed a variation between the bundles with the different end plates. The best
design experienced over 800,000 load cycles with relative axial element displacements of .45 mm
before end plate cracking occurred. In all other end plate designs tested, appreciable end plate
cracking occurred after a maximum of 300,000 load cycles.
The findings of the work suggest that a correlation exists between end plate design and fatigue
threshold. It is believed that the correlation is related to the symmetry of the end plate.
Symmetrical end plate designs effectively minimize strain localizations in the end plate which
otherwise can cause premature failure.

INTRODUCTION
In November 1990, refuelling operations in Darlington 2 were interrupted by a fuel bundle endplate failure at the outlet end of channel N12. Subsequent inspections revealed endplate cracking
in several high powered channels. Extensive investigations later showed that large pressure
pulsations present in the Primary Heat Transport System were carried from the headers through
the feeders into the fuel channels. These pulsations were generated by the (five vane) impeller
pumps at a frequency of 150 Hz. At normal operating conditions, the fuel in several high
powered channels became acoustically responsive to this frequency, which eventually led to
endplate failures. The problem was resolved by changing to a seven vane impeller pump (210 hz).
Both the pressure pulse level and fuel response at this frequency were significantly reduced.
As the pump design used in the Bruce reactors was the same as used at Darlington, there were
concerns that similar problems of endplate cracking could be occurring there as well. These
suspicions were later confirmed as inspections in the fuel bays showed end plate cracks on
bundles that had resided against the latch at the outlet end of the fuel channels. However,
cracking was confined to Bruce B and limited to a small number of channels which were
considered acoustically active1. In these channels the pressure pulses emitted from the pumps are
amplified enough to induce dynamic displacement of the unsupported inner 19 fuel elements in
the axial direction. As the outlet bundle in the channel is supported by latch fingers on a
proportion of the outer fuel elements, the end plate is free to cycle in response to the imposed
pulses. This results in bending stresses in the welds between the end plate and end caps,
eventually leading to endplate cracking.
As the endplate cracks found at Bruce B were limited to a small number of channels and the
degree of endplate damage significantly less than experienced at Darlington 2, the solution of
replacing the pump impellers was not implemented. Instead Ontario Hydro decided to focus on
redesigning the fuel bundle with the objectives of minimizing bundle vibration and susceptibility
to end plate cracking.
To address design changes to the bundle which could increase the fatigue threshold, a program
involving fatigue testing of a number of endplate designs attached to standard Bruce type fuel
elements was carried out The purpose of these tests was to identify whether endplate design has
significant influence on the fatigue threshold.
The endplate designs tested in the program were the standard Bruce design as the reference,
CANDU-6 (C-6), Enhanced Critical Heat Flux Endplate (CHF), and a new design designated as
the T-junction Endplate. The endplates were attached to Bruce type elements by Zircatec

1

The Bruce B design has a different pump/header configuration which reduces the pulse
amplification within the headers. Consequently, the number of channels which were
acoustically stimulated sufficiently to crack fuel was small, and the degree of damage
significantly less than experienced at Darlington.

Precision Industry (ZPI) and General Electric Canada (GEC) using standard production welding
processes. The fatigue tests were done using an Instron Machine. To accurately assess when end
plate cracks initiate and propagate to failure, specialized equipment (Acoustic Emission
Monitoring Equipment) was employed .
This paper discusses and summarizes the results from the bundle fatigue tests. Recommendations
for design changes to the bundle are made based on the results. Of the different end plate designs
tested, it appears the T-junction end plate offers the best resistance to end plate cracking.

EXPERIMENTAL

Test Materials
Full scale production type fuel bundles manufactured by Zircatec and GEC were used in the tests.
Fuel bundles were assembled using standard Bruce type end plates, C-6 end plates, CHF end
plates (standard CHF, T2 & T3) and a new design designated as the T-junction end plate. The
CHF T2 and T3 are identical in design to the CHF, however the orientation to which the end
plate is welded with respect to the fuel elements is different. The different end plate designs and
orientations are shown in Figures 1 through 9.
Test Hardware
The test equipment used to perform the fatigue tests was an Instron Model 1332 Tensile Testing
machine. A latch collar typical of the designs used at BNGS and DNGS was used to support the
top of the fuel bundle while vertically positioned in the Instron.The bottom end of the bundle was
supported against two cushions of silicone rubber, one of which was 3.2 mm in thickness
(Hardness 75 Shore A) and the other 50 mm in thickness (Hardness 25 Shore A). The rubber was
used in an attempt to simulate expected in-reactor load conditions resulting from the hydraulic
drag forces. The details of the experimental setup is schematically shown in Figure 10.
Test Instrumentation
As a means to monitor and detect end plate cracking, acoustic emission equipment was employed.
The end plate adjacent to the latch was instrumented with two probes connected to a data
analyzer. These probes were bonded to the end plate using an epoxy type glue. To ensure
that acoustic emission results represented cracking and not noise, qualification tests on Zircaloy
test strips were carried out The sample configuration is shown in Figure 11. Basically a hole was
drilled through a section of Zircaloy test strip with a starter notch perpendicular to the loading
axis. Acoustic probes (two) were attached and emission monitored as a function of load cycling.
The cyclic loads ranged from a minimum of lkN to a maximum of 4 kN. The results of the
experiment are shown in Figure 12a and 12b. Emissions recorded at loads below the mean load

(eg. 2.5 kN) are shown in Figure 12a. The results here show activity occurring after 20000 load
cycles and appearing intermittently at 23000 and 34000 load cycles. Analyses of the results
indicate that the emission sources from these lower loads are consistent with crack face rubbing
noises. In Figure 12b the signals emitted from the sample are at loads greater than 90% of the
load cycle (eg. above 3.6 kN).Note the curve here is very gradual, ie. large steps as in figure 12a
are absent Analysis by AEMS suggest that this phenomena is consistent with crack growth. The
graph of Figure 12b indicates the crack started growing shortly after loading and continued to
increase slowly up to approximately 24000 load cycles. At this point the crack began to grow
exponentially up to failure. Coincidentally the large increment in acoustic emission signals shown
in Figure 12a occurs approximately at 24000 load cycles, indicating a correlation between crack
face rubbing and unstable crack growth. Similar results from a second test using identical testing
conditions and materials were also observed. Based on these results the Acoustic emission
equipment was calibrated and appropriate threshold levels set to avoid emissions other than crack
advance and/or crack face rubbing for the end plate bundle fatigue tests.
Test Procedure
Subsequent to placing the fuel bundle in the Instron and attaching the instrumentation, the Instron
controller was programmed to apply a static mean load with a superimposed dynamic load on
the fuel bundle of 4.25 kN ± 1.25kN at a cycling frequency of 5 Hz. All tests were done under
load control. Identical test conditions were used on all nine fuel bundles tested.
TEST RESULTS
The results from the fatigue tests on fuel bundles with various end plate designs are summarized
in Table 1. As a means to monitor end plate cracking during testing periodic visual examinations
of the end plate for each test were done. Limitations to this technique included inspection of the
latch side end plate only and the inability to detect incipient cracks during testing. To improve
inspection, acoustic emission equipment to detect crack growth was also employed. The
advantage of employing this system was the capability of detecting incipient cracks in the end
plate at either end of the bundle and increased accuracy in determining when cracks start during
the load cycling.
In the first test, a fuel bundle with a standard Bruce type end plate was fatigue tested. After
270,000 load cycles, visual inspection confirmed eight through wall cracks located on the end
plate adjacent to the latch and six on the non latch end. Monitoring end plate activity by Acoustic
emission suggested that accelerated crack growth started after approximately 115,000 cycles.
The location of the through wall end plate cracks at the latch end were mostly confined to the
outer ring at the junction points. Crack sites on the end plate at the opposite end of the bundle
were confined to the intermediate ring at the critical junction points.
In the second test a bundle with a C-6 end plate was fatigue tested. The fuel bundle experienced
approximately 205,000 cycles before notable end plate cracking was observed. Periodic visual

inspections up to 75,000 load cycles revealed no through wall end plate cracks^uggesting
cracking occurred between 75,000 and 205,000. A total of six through wall cracks was found.
Three cracks were found on the end plate adjacent to the latch. These cracks as in test 1 were
located at the junction points on the outer ring. The cracks found on the non latch end were
located at the junction points on the intermediate ring, with the exception of one found on the
outer ring. Acoustic emission results suggested that major end plate cracking occurred after
approximately 128,000 cycles. These observations agreed well with the visual inspections of the
end plate during testing.
In the third test a bundle with a CHF T3 (type 3 orientation2) was fatigue tested. Periodic visual
inspections throughout the test revealed through wall cracking after 120,000 cycles. The Bundle
received 184,297 cycles before the test was stopped. A total of 9 through wall cracks were found.
Three cracks were found on the latch end at the junctions on the intermediate ring. Six cracks
were found on the non latch end at the junctions intersecting the outer ring.
Acoustic emission results suggested that major that in this case, end plate damage occurred
shortly after the onset of testing. It is likely that the crack started on the bottom end plate as
visual inspections revealed no cracking on the top end plate until after 120000 cycles. Because
of the test configuration we can only inspect the latch side end plate.
In the fourth test a bundle with a T-junction type end plate was fatigue tested. Visual inspections
throughout this test revealed no through wall cracking up to 450,000 load cycles. It appeared
cracking occurred between 450,000 and 800,000 load cycles. The bundle received a total of
816,395 load cycles before the test was stopped. Inspection after completion of the test revealed
10 cracks. Seven cracks were found on the latch end with cracking confined to the intermediate
and outer ring locations at junction intersections. On the non latch end three cracks were found
located on the intermediate ring. Results from acoustic emission showed end plate crack growth
after 400,000 cycles. This agreed reasonably well with the visual inspection results.
In the fifth test, a Bruce bundle with a standard CHF end plate was fatigue tested to failure. In
this test no visual examinations were carried out during testing as the test was run over the
weekend. The bundle received over 300,000 load cycles before the test was stopped. Visual
inspection at this point revealed severe end plate cracking. The webs connecting the intermediate
ring to the outer ring (non latch and latch end) were all cracked, allowing the extrusion of the
intermediate ring of fuel elements.
Results from acoustic emission suggested that end plate cracking occurred in two stages. The first
stage indicated cracking after 30,000 load cycles followed by a long period of no cracking and
then extensive cracking after 185,000 cycles.

2

A standard type CHF end plate rotated with respect to the fuel pencils such that
the junctions of the end plate fall between any two adjacent fuel elements.

In test 6, a fuel bundle with a C-6 type dished endplate was fatigue tested to failure. The bundle
received a total of 145,049 before the test was stopped. Visual inspection at this point confirmed
one through wall crack on the latch end of the fuel bundle. No through wall cracks were found
on the non latch end. The crack on the latch end was found on the web joining fuel elements 1
and 19. Results from acoustic emission agreed well with the visual inspection, as it suggested
cracking occurred sometime after 140,000 load cycles.

In test 7, a fuel bundle with a CHF T2 end plate was fatigue tested. Note the only difference
between a type 2 CHF end plate and the conventional CHF end plate is the orientation with
respect to the fuel elements. In the standard CHF end plate, the junction points are aligned
centrally with respect to each fuel element The type 2 end plate is oriented such that all junction
points are slightly offset to the centre point of the fuel element In this test the bundle
experienced 93,636 load cycles before end plate failure was observed. Four through wall cracks
were present All the cracks were found on the latch end and were confined to the junction points
on the intermediate ring. Results from acoustic emission suggested end plate cracking started after
40,000 cycles, followed by a period of no cracking and then continued cracking after 85,000
cycles.
In test 8 a bundle with a CHF end plate fabricated by a different manufacturer was fatigue tested.
The bundle received 111,304 load cycles before the test was stopped. Four through wall cracks
were found. The cracks were all confined to the intermediate ring at junction locations. No cracks
were found on the non-latch end. It appears that the cracks propagated throughwall after 100,000
cycles as visual inspection up to this point confirmed no cracks. Results from acoustic emission
suggest incipient cracks were present in the end plate after approximately 50,000 load cycles.
In the last test a bundle with a dished Bruce type end plate was tested. The bundle experienced
50,000 load cycles before the test was stopped. Visual inspection of both end plates confirmed
no throughwall cracks. However acoustic emission suggested that an incipient crack was present
and growing near pencil weld 26. This was later confirmed by metallography. Figure 13 shows
the metallography section of the assembly weld containing the crack.
DISCUSSION
The results of the experimental program have shown that the T-junction end plate is superior in
terms of fatigue strength to all other designs tested. A summary of the results from acoustic
emission shown in Figure 14 clearly demonstrates this behaviour. The results also show that the
fatigue thresholds for the other designs tested are very similar. Interestingly, the CHF T3 end
plate tested, was very similar in design to the T-junction end plate, however a substantial
difference in threshold was noted. The only difference between this design and the T-junction was
the angle of the webs connecting the rings. The CHF end plate has skewed webs. In both cases
the orientation of the end plate with respect to the fuel elements was identical: the junction points
on the end plate were situated between any two adjacent fuel elements (ie.away from the weld).

This difference in fatigue threshold, could be explained by the skew angle of the web connecting
the rings, which decreases the fillet radius formed between the web and ring to locally raise the
stress level at the junction.
The purpose of changing the orientation of the end plate with respect to the fuel elements was
to determine whether an increase in threshold could be achieved by moving the junction points
of the end plate away from the weld location, where end plates are commonly prone to failure
(reference 1). The design chosen to investigate this case was the CHF end plate.The results
showed that an insignificant difference in threshold existed. Figure 15a and 15b show the crack
locations for the CHF and CHF T3 end plate. Note in 15a where the junction points are in line
with the fuel elements, failure occurs at these locations. In the case of Figure 15b where the
junction points are between element welds, failure occurs at the junction points and not the weld
locations. These results suggest that the design of the endplate may have more of an influence
on the fatigue threshold than the weld and its associated properties (ie. weld notch and heat
affected zone (HAZ)). It seems the welds become implicated only after the end plate design is
optimized (ie symmetrical and webs intersecting rings at right angles), as in the case of the Tjunction end plate. Here failures were observed at weld sites and away from weld sites at juntion
points.
As mentioned in the results, the distribution of end plate cracks at the top and bottom of all the
bundles tested revealed very similar crack patterns: the cracks were confined to the intermediate
and outer rings of the end plate with the majority of cracks associated with junction points. Given
that the boundary conditions in the test used (eg latch support on outer rings and maximum
deflection at the mid-point of the end plate) resulted in maximum strain on web junctions
between the intermediate and outer rings the results are not surprising. Coincidentally the inreactor failures (DNGS and BNGS) were found at similar locations as well. This gives confidence
that the boundary conditions in the experiment simulated the reactor conditions well.
CONCLUSIONS
Based on the experimental results we concluded the following:
1). The end plate design can significantly affect the fatigue threshold
2). The junction points on the end plate appear to influence the fatigue threshold more than the
weld
3). The T-junction end plate is superior in fatigue threshold.
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1. ABSTRACT
The Light Duty Utility Arm(LDUA) is a remote manipulator which is
being designed and fabricated to perform surveillance and
characterization activities in support of the remediation of
underground storage tanks at the Hanford site as well as other
U.S. Department of Energy(DOE) sites. The LDUA is a highly
dexterous manipulator which utilizes an advanced control system
to safely and reliably deploy a series of sensors to characterize
underground storage tanks. The electrical components of the in
tank system are radiation hardened and the mechanical components
are designed to operate in the corrosive environment which exists
in the tanks. The use of this system will allow the DOE to sample
and characterize the waste material in the tanks prior to the
initiation of waste retrieval operations.
2. INTRODUCTION
The underground storage tanks at Hanford contain large quantities
of highly radioactive and toxic waste. Since it has been
determined that a significant number of these tanks are leaking,
the DOE is developing procedures that can be used to remove these
wastes from the tanks. However, prior to removal of the waste
from the tanks, it will be necessary to characterize the waste
material in order that the waste can be retrieved and handled in
a safe manner.

The access to these tanks is limited to relatively small diameter
openings in the top of the tank. Furthermore, movement of an
inspection device in the tank interior is often severely
restricted due to the presence of risers and other obstructions
in the tank. The ability of an inspection device to safely
navigate the interior of these tanks requires a highly dexterous
manipulator. The mechanical and control characteristics of this
manipulator will provide an effective platform to deploy a broad
range of sensors in order to perform detailed characterization of
underground storage tanks.
3. OVERVIEW
The system configuration is provided as Figure 1. The remote
manipulator consists of the following subsystems:
1. Light Duty Utility Arm(LDUA)
2. Vertical Positioning Mast(VPM)
3. Mobile Deployment Subsystem(MDS)
4. Controller Subsystem
The LDUA is a seven jointed manipulator with a reach of 13.5 ft
and a payload capacity of 75 lb. The manipulator will deliver its
payload with a position accuracy of +/- 0.5 inches. The
configuration of the manipulator provides seven degrees of
freedom. Five of the seven joints will generate large torques in
support of the manipulator and payload weight. These joints are
hydraulically actuated. The two joints which do not generate
large sustained torques(shoulder yaw and wrist roll) are
electrically powered in order to provide a broad range of travel
as well as precise speed control. Precise speed control will
allow for the accurate positioning of inspection equipment.
The kinematic control of the manipulator will allow precise
control of end point motion, considering the limited access
available through the tank riser(10.5 inch diameter). Also, the
LDUA is designed such that any equipment failure would result in
a failsafe condition such that the manipulator can be easily
withdrawn from the tank
The vertical positioning mast(VPM) is a telescoping cylindrical
mast which provides for the vertical positioning of the LDUA. The
design of the positioning mast was optimized for stiffness in
order to minimize the likelihood of contact with tank risers from
deployment of the LDUA, or potential contact as a result of
deflections arising from its operations. The VPM and LDUA are
transported on the truck based mobile deployment subsystem(MDS)
which also erects and supports the mast and provides an x-y
location table for the final positioning of the mast over the
selected riser.
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The control subsystem comprises the control logic, software,
drivers and signal processing for the control of the LDUA and
VPM. The control subsystem has been designed to insure an
efficient interface with DOEs Generic Intelligent Supervisory
Control(GISC) system. The LDUA will provide an efficient manmachine interface via either a local pendant controller or a
remote control console, and will be capable of being operated
efficiently by Hanford operators with minimal training.
The structure of the LDUA is 316L stainless steel which provides
high stiffness and resistance to chemical attack.
4. LDUA
The manipulator configuration is depicted in figure 2. This
configuration was selected in order to maximize the dexterity of
the manipulator as well as provide adequate stiffness and payload
capability in order to effectively deploy end effectors and
characterization sensors. Furthermore, this mechanical
arrangement will provide access to all locations in the tanks.
The manipulator is configured in a modular arrangement in order
to facilitate disassembly for maintenance and decontamination.
There are no active electronic parts inside the LDUA because of
the high radiation environment in the tanks. Therefore, the
analog sensor signals are required to travel relatively long
distances without amplification. Analog signals from resolvers,
pressure transducers and force/moment sensors will be carried in
twisted shielded pairs with a proper grounding arrangement.
To insure safe operation in the potentially explosive atmosphere
of the underground storage tanks, all metallic parts will be
connected to an external ground point via conductive interfaces,
grounding straps and a chassis ground line. This configuration
will prevent a static build up on LDUA surfaces and a potentially
hazardous electrostatic discharge between the LDUA and other in
tank components. Also, the arm will be sealed using flexible
"boots" around the joints and pressurized with an inert gas.
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5. LDUA CONTROL SYSTEM
During operations and deployment of the sensors, the control
system allows the operator to concentrate solely on the position
of the endpoint of the manipulator. The operator need not be
concerned with the positioning of the manipulator joints in order
to deliver an end effector to a given location. The control
system automatically positions the manipulator joints in order to
support the endpoint location specified by the operator.
Furthermore, through sophisticated obstacle avoidance techniques,
the manipulator will automatically configure the joints to avoid
obstacles in the tank.
The ability to provide this type of endpoint control is based on
the concept of kinematic redundancy,i.e. there are an infinite
number of possible combined motions of the degrees of freedom of
the manipulator which will yield a particular end point motion.
The selection of suitable families of solutions to the resolved
motion equations from this infinite series is called kinematic
redundancy management.
In the design of the LDUA control system, Spar is utilizing state
of the art control systems technology developed, at least in part
from experience in the control of redundant manipulators for the
Canadian Space Station program. As part of this endeavor, a
general resolved motion control algorithm including redundancy
management has been prototyped. The Space Station Remote
Manipulator System(SSRMS) and the Special Purpose Dexterous
Manipulator(SPDM) currently under development for this program
both have a similar joint sequence to the kinematic design of the
LDUA. From the development work on the ground test version of the
SPDM, it is known that the algorithms provide a mathematically
efficient solution which makes economical use of processing time.
The automatic obstacle avoidance algorithm will enable the
operator to concentrate on the control of the end effector while
collision of the other parts of the manipulator against modelled
obstacles is avoided automatically using kinematic redundancy.
Although the kinematic configuration of the arm is intended to
maximize the ability to avoid obstacles, the automatic collision
avoidance algorithm is general, and will provide avoidance of
obstacles of any geometry in the work space, utilizing all the
degrees of freedom available. The data for the obstacles will be
provided by the GISC based on a world model from a previous 3-D
survey of the tank interior.

The LDUA control system will use relatively high bandwidth joint
rate servos in order to achieve accurate movement of the
manipulator. These servos are coordinated by a resolved motion
controller.
6. VERTICAL POSITIONING MAST(VPM)
The VPM is designed to deploy and vertically position the LDUA
within the underground storage tanks. The VPM also deploys and
stows two umbilicals that provide the LDUA with all the utilities
that are required for in tank operations. Upon completion of tank
operations, the VPM retracts the deployed equipment into an
airtight housing which is sealed by closing a slide valve over
the LDUA exit aperture for storage of the contents.
The positioning mast is optimized for stiffness in order to avoid
contact with tank risers from deployment of the LDUA or as a
result of deflections arising from its operation. The positioning
mast is a single 316L stainless steel tube. A hydraulic motor
actuates the VPM. The motor is coupled to a double reduction
planetary gearbox in order to provide proper speed control to the
mast. A high strength chain and sprocket arrangement is used to
raise, lower and position the mast.
The LDUA control system actuates the hydraulic servo valve in the
VPM deployment drive subsystem to effect vertical motion of the
LDUA. A shaft encoder on the output of the deployment drive
subsystem provides an accurately calibrated vertical position
signal to the control electronics.
The VPM has also been designed in order to facilitate
decontamination. The design of the mast provides a smooth,
cylindrical, one-piece mast which has no depressions,
protrusions, rails, keyways, fasteners or telescopic joints that
could contain contaminated material.
7. MOBILE DEPLOYMENT SYSTEM(MDS)
The MDS is designed to transport the VPM to the tank worksite and
upend it into a position that is accurately aligned with the tank
riser. This type of equipment is used routinely in the mobile oil
well servicing industry. All deployment mechanisms are
hydraulically powered and have mechanical lockout features for
fail safe operations per OSHA requirements. The MDS is self
propelled for highway and worksite transportation.

The MDS includes an X-Y positioner in order to accurately
position the VPM over the selected riser. The X-Y positioner is
controlled using a joystick and position readouts on the MDS
control pendant. The readouts monitor the location of the VPM to
an accuracy of +/-0.01 inch with respect to the center of a large
rack that is the structural support for the X-Y positioner. In
this way, final radial alignment of the VPM is effected before
deployment of the LDUA.
8. CONTROL SUBSYSTEM
The LDUA system will be controlled remotely from the LDUA console
which can be positioned up to 900 feet from the tank. The LDUA
controller will be located on the deployment subsystem trailer.
The LDUA console and the LDUA controller will be networked in
order to minimize cable lengths to sensors as well as to the
control trailer.
The LDUA will be powered from a 3 phase 480 volt power supply for
the LDUA controller and hydraulic power unit and one 110 volt
single phase supply for the console. The controller will include
a built in uninterruptible power supply(UPS) which is rated for
limited operation up to 30 minutes to insure that the arm can
maintain its position during a power outage.
The LDUA controller will use a distributed VME-bus based
architecture utilizing 68040 processor(s), running a VxWorks real
time operating system.
9. CONCLUSION
The LDUA system is designed to operate in a safe and reliable
manner. The system provides failsafe operation through a number
of interlocks which have been designed into the control system as
well as appropriate display monitors on the operating console.
Also, key components have been specified as safety grade and
explosion proof in order to insure safe operation of the system.
In conclusion, the LDUA represents a state of the art remote
manipulator design which will provide a system to inspect and
characterize underground storage tanks in a safe and reliable
manner.
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1. Abstract
In support of environmental restoration programs in the U.S. and
Canada, Spar and RSI have modified a Hitachi model EX200LC for
remote operation. For projects requiring the retrieval of certain
types of radioactive and hazardous buried waste, the toxic nature
of the material will require that remotely operated equipment be
used to retrieve the waste. For the recovery of buried boxes and
drums, an excavator that has been modified for remote operation
provides both the high payload capacity as well as the ruggedness
to safely and efficiently recover this type of material. The
control system for the excavator uses coordinated control
technology to assist the operator in controlling the position and
movement of the bucket and end effectors.
2. Introduction
There are large quantities of radioactive material buried at
Department of Energy(DOE) sites in the U.S. In some cases, the
waste material consists of highly toxic substances such as
Plutonium and americium. The radioactive material is often
contained in containers and drums which have been buried at these
sites. Therefore, for many of these projects, a remotely operated
excavator could be used for the retrieval of the buried waste.
Furthermore, in order to safely handle the material, the
excavator must be able to be remotely operated in a highly
dexterous and precise manner.

3. Remote Excavator - General Description
Spar and RSI have modified a conventional Hitachi EX200LC
excavator(Figure 1) for remote operation. The modifications
include the use of coordinated control technology to control the
remote operation of the excavator. The implementation of
coordinated control technology has been supported by the
University of British Columbia which has developed this
technology for use with heavy equipment operation. A four degree
of freedom joystick, mounted on the arm of the operator's chair,
controls the excavator digging functions. The conventional track
control foot pedals are maintained. The primary mode of operation
is from a remote control operating station which can be located
up to 2000 ft. from the excavator and is linked to the excavator
by a telemetry cable. At the remote control station, the operator
controls engine shutoff, travel and the excavator digging
functions. All excavator functions which could be performed from
the cab, can be performed from the remote control station.
The use of coordinated control technology allows the excavator to
be operated in a dexterous and precise manner. Conventional,
manually operated excavator systems are typically operated by two
joysticks, each with two degrees of freedom.. Deflecting the
joysticks corresponds directly to opening and closing the valves
which move the excavator arm. With the new technology of
coordinated motion control, the operator uses a single joystick
to control the excavator. There is a one-to-one correspondence
between the motion of the master controller and the motion of the
bucket. For example, a deflection of the master in the
x-direction will produce a motion of the bucket in the
x-direction, with respect to the operator's frame of reference,
regardless of the current configuration of the excavator arm. The
speed of motion of the bucket over the ground will be
proportional to the deflection of the master controller in that
direction.
3. Mechanical System Modifications
a. hydraulic modifications
There are three modifications to the basic vehicle:
1. The hydraulic enable valve turns on or off the hydraulic
pilot system in order that the movement of the controls will
not cause motion of the vehicle when the valve is closed. On
the conventional machine, this valve is lever operated. For
the remote control upgrade, this valve is replaced with an
electrically driven valve, in order that the hydraulics can
be disabled remotely. In the cab, the lever is replaced with
a switch.

2. In the conventional excavator, the hydraulic pilot valves
that control the main digging functions(swing, boom, stick,
bucket) are located in the control joysticks mounted on the
chair. For the upgrade, these pilot valves(and the
joysticks) are removed and replaced with solenoid operated
proportional valves, located in the valve compartment of the
vehicle. This modification is necessary to allow computer
control of the vehicle, during the time that the operator is
in the cab or is at the remote control station.
3. In the conventional excavator, the hydraulic pilot valves
that control the left and right tracks are located in two
foot pedals in the cab. These foot pedals and pilot valves
are left in place for the upgrade, and are used when the
vehicle is operated from the cab. However, in order to allow
remote control of the travel functions, solenoid operated
pilot valves are connected in parallel to the pedal operated
valves. Hydraulic shuttle valves isolate the two sets of
pilot valves during operation.
b. mechanical additions and modifications
There are two major mechanical alterations to the excavator:
1. The conventional operator's chair and joysticks are
removed from the vehicle. The chair is replaced with an
ergonomic Isringhausen chair, with custom modifications to
allow the mounting of the joystick and control panel.
2. A fuel shut off mechanism is added to the engine to
permit remote controlled engine shutoff.

4. On board sensors
In order to operate the excavator using coordinated control, a
number of sensors have been added to the excavator. These sensors
include:
a.
b.
c.
d.

a
a
a
a

swing angle sensor
boom angle sensor
stick angle sensor
bucket angle sensor

These sensors are enclosed in rugged weatherproof housings
designed to tolerate the adverse conditions on the excavator.

In addition to these sensors, other sensors exist on the
excavator in order to prevent damage to the engine. These sensors
are part of the standard Hitachi EX200 engine control system and
include:
e. an alternator current sensor
f. an engine temperature sensor
g. an engine oil pressure sensor
The conventional Hitachi engine control system reads the above
sensors and when a fault is detected, warning lights in the
operator cab are switched on. The remote control system upgrade
ties into the signals that switch the warning lights, thereby
providing binary indication of fault conditions.

5. Coordinated Control System
Excavators typically have four digging functions: swing
left/right, boom up/down, stick up/down and bucket in/out. In a
conventional excavator, the functions are operated by two control
joysticks, or some combination of control levers and pedals.
Deflecting the controls corresponds directly to opening and
closing the valves which move the excavator. For example, moving
the right joystick forward/back may cause the boom to go down/up,
moving the left pedal forward/back may cause the cab to swing
right/left. There is not a single standard which defines the
mapping between control movements and hydraulic functions.
Furthermore, some excavators have five or six functions requiring
the use of two joysticks and two pedals. Substantial skill is
required on the part of the operator to accurately control the
digging motion of currently available excavator systems.
With the new technology of coordinated motion control, the
operator uses a single multiple degree of freedom joystick to
control all functions of the excavator. There is an intuitive
correspondence between the motion of the joystick and the motion
of the implement. For example, a deflection of the joystick
forward will produce a motion of the bucket in the forward
direction, regardless of the current configuration of the
excavator arm. Whether the bucket is touching the ground or ten
feet above the ground, whether the bucket is five feet from the
cab or fifteen feet from the cab, moving the joystick forward
causes the bucket to move precisely forward away from the cab
without any movement in the vertical direction and without
tipping the bucket. In order to have this type of motion, the
precise coordinated movement of the swing, boom, stick and bucket
actuators is required. Movement in the three spatial directions
and the bucket rotation can all be controlled simultaneously from
a single joystick.

The University of British Columbia has fully implemented
coordinated control on both a Caterpillar 215B excavator and an
excavator converted to a log loader. Sensors were installed to
measure the angles of the excavator joints, the existing controls
were replaced with an RSI four degree of freedom joystick and a
computer was installed on the vehicle. The computer handles the
data acquisition, calibration of the sensor signals, the
mathematics to compute the required joint rates and the servo
control of the joints.
The overall excavator control system is divided between the
on board system and the remote operator control station. The
on board control system can be used as a stand alone vehicle
controller; complete operation of the vehicle will be possible
from the cab, without the need for the serial connection to the
remote control station. There is a switch in the cab which allows
the operator in the cab to choose between the on board control
joystick and the remote control joystick. The switch is not
remotely operable, thereby providing the priority to the operator
in the cab.

6. On Board Control Electronics
In the cab of tahe vehicle, the operator is provided with the
following controls:
a. a four degree of freedom joystick, providing control in the
x,y,z and pitch directions;
b. a kill switch, which stops the engine by activating an engine
fuel cut off solenoid;
c. a mode selection switch, which allows the operator to select
the appropriate in cab operating mode, or to transfer control
from the joystick in the cab to the remote control joystick;
d. a manual override switch, which enables a separate control box
to operate the hydraulic functions, completely bypassing the
computer control system. This mode would only be used in the
event of control system failure.
An on board control computer is located in a sealed enclosure
behind the operator's chair. The control computer is a VME bus
based system, with a 68EC030 CPU card, analog to digital
converter card, and digital to analog converter card.
Communication with the remote control station uses one of the
serial ports on the CPU card, a second serial port is used for a
diagnostic terminal. In addition to the control computer, custom
circuitry is provided to handle the required signal conditioning
and relay switches.

7. On board control software
The on board computer processes all of the coordinated control
functions. The software modules include:
a.
b.
c.
d.

coordinated control
sensor and joystick input
inverse kinematics
various other excavator support functions

The software supports the following control modes:
a. coordinated control mode - control of the vehicle digging
functions as described in section 5 above;
b. joint control mode - each axis of the joystick controls a
different function. Unlike coordinated control, the individual
functions(swing, boom, stick, bucket) are decoupled. The velocity
of a given joint is proportional to the deflection of the
joystick;
c. manual control mode - similar to joint control, each axis of
the joystick controls a different function. In this mode,
however, the servo loops are bypassed and the voltage applied to
the hydraulic valves is proportional to the joystick deflection.
This mode of control is the most rudimentary and it is very
similar to the methods used to control conventional excavators.

8. Discussion of the DOE buried waste program
In order to understand why a remotely operated excavator will be
required to retrieve buried radioactive waste, it will be helpful
to provide a description of a typical site which contains
radioactive waste material. The following discussion describes a
site located at the DOEs Idaho National Engineering
Laboratory(INEL).
Between 1952 and 1970, over two million cubic feet of transuranic
mixed waste was buried in shallow pits and trenches at the INEL
Radioactive Waste Management Complex. Commingled with this two
million cubic feet of waste is up to 10 million cubic feet of
fill soil. Approximately 6 ft of clean overburden soil has been
placed on top of the buried waste pits and trenches to isolate
the waste from surface water runoff and wind erosion. The pits
and trenches were constructed similarly to municipal landfills
with both stacked and random waste forms such as barrels and
boxes. The barrels are typically 55 gallon drums made of metal.
The boxes are typically 4 x 4 x 8ft and constructed of plywood.
The drums and boxes contain wastes such as paper, sludge, metal,
tools, cloth, wood, asphalt, concrete and glass. There could also
be large objects including storage tanks, vehicles, pipes, beams

and glove boxes. The main contaminants are micron sized particles
of plutonium and americium oxides, chlorides and hydroxides. The
waste also contains volatile organics such as trichloroethylene
and carbon tetrachloride. The waste containers are assumed to be
severely deteriorated to the point that many containers are
breached, leaking or even unrecognizable due to deterioration.
In order to remotely retrieve buried waste from the type of site
described above, Spar has developed a concept(figure 2) which
uses a number of different types of remote equipment to recover
the waste. In addition to the remote excavator, a long reach
manipulator and a remotely operated bobcat are used.
Figure 2 is meant to illustrate that more than one type of remote
equipment may be required for large excavation sites. For
example, the remote manipulator might work with the excavator to
reduce the size or decontaminate an object. In this case, the
object would be retrieved by the excavator and the large
manipulator would hold the end effectors required for size
reduction or decontamination.
The remotely operated bobcat could be used as an all purpose
utility vehicle. For example, the bobcat could be used to change
out end effectors and tooling on the large manipulators. The
bobcat could also be used as a transport vehicle to transfer
waste material from the dig face to a waste processing facility.
9. Conclusions
For the retrieval of certain types of highly toxic and
radioactive waste, it will be necessary to use remotely operated
excavation equipment. The Hitachi EX200LC which has been modified
by Spar and RSI clearly demonstrates that it is possible to
modify excavators for remote operation and utilize advanced
technology, such as coordinated control technology, in order to
operate the equipment in a safe and reliable manner.
The authors of this paper wish to extend a special note of
appreciation and recognition to Dr. Peter Lawrence of the
University of British Columbia for his efforts in the development
of coordinated control technology in support of this program.
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HEAD MOUNTED DISPLAY TECHNOLOGY
FOR NON-AUTONOMOUS NUCLEAR ROBOTICS

INTRODUCTION

This paper will suggest an alternative to the current approach of
visual feedback (i.e. joystick-controlled cameras coupled to fixed video
monitors)

for

common

robotics

tasks

in

the

nuclear

particularly those under direct operator supervision.

industry,

The concept rests

on the use of head mounted displays (HMD's), capable of presenting realtime video imagery from gimballed cameras, whose pointing direction is
slaved to the head position of the operator wearing the HMD.

Tasks

ranging from simple inspections to extreme, unexpected situations could
benefit from a greatly improved flexibility through this concept; this
natural, autonomous visual feedback loop approach (usually referred to
as "visual telepresence") allows the operator to concentrate on the
actual robotic manipulation, in addition to improving the positional
awareness of his robotic tools with respect to their surroundings.

VISUAL TELEPRESENCE

Visual Telepresence systems attempt to create on the operator, as
their name implies, the impression that he/she is located exactly where
the remote cameras are, by substituting the operators' eyes with the
camera's video

sensors.

As

the operator moves

his/her

head,

its

position is sensed by a dedicated gyroscopic, mechanical, optical or
magnetic device; this position measurement becomes a set of servomotor

commands intended for the gimbal's actuators on which the video cameras
are mounted; the objective of the gimbal is to track the operator's head
position in pitch, roll, yaw and possibly even along translation axes,
to accuracy and speed levels that make any discrepancy imperceptible to
the operator wearing the HMD; finally, the visual loop is closed with
the relaying (in real-time) of the cameras' video information directly
in front of the eyes of the operator.

The figure at the last page of

this summary illustrates this concept of visual telepresence.

In order to achieve an acceptable effect of immersion (making the
system's utilisation

natural),

several

factors

must

be

taken

into

consideration (the author has spent several years acquiring expertise in
this field).
with

large

For example, although best immersion is usually achieved
field-of

view

(FOV) displays, technological

limitations

usually dictate an angular resolution / FOV trade-off. The HMD's optics
must also closely match the FOV of the video cameras, and linearity as
well as alignment of the images' optical axes must be maintained;
discrepancies could become noticeable through head movements, but most
importantly, they could result in severe eyestrain, especially in the
overlap region, i.e. the portion of the image seen by both eyes (in
stereoscopy).

This latter parameter

(importance of optical design)

should be considered as most important, ex-aequo with the parameter of
processing/transmission

delay. Physiological effects of unacceptably

large delays between head movement

and

camera

servomotor

response

(followed by video transmission delays, which can be neglected here in
the intended nuclear applications of the concept) can be very severe;
they range from general discomfort to nausea, depending on the amplitude

of the delay and the amount of time that the operator has been using the
system.

Although it would be reasonable to expect a certain level of

adaptation from the operators, any easily perceptible delay would soon
cause them discomfort and certainly reduce their acceptability of visual
telepresence.

Ergonomic

factors must also be

respectfully

designs, for that same acceptability argument.
center

of gravity

(CG)

location

that

addressed

in HMD

Typical HMD's exhibit a

is much

too

forward

of

the

operator's neck; counterweights may partially solve this problem, but at
the cost of a noticeable increase of the HMD's

inertia.

Finally,

application-specific requirements may greatly alter a baseline design;
for example, for viewing of

far objects, stereoscopy

is not

very

beneficial and could be replaced by a temporary hold/zoom function. On
the other hand,
relevant;

large

for viewing of close objects, stereoscopy
overlaps

however

reduce

the

amplitude

becomes
of

the

instantaneous horizontal FOV and may even require the use of dynamic
convergence and focus actuators on the gimbal, which may in turn affect
the design of the HMD's optics.

CONCLUSION

Telepresence happens to be a subset of the well known field of
Virtual Reality

(VR) technology; in telepresence, computer generated

images of VR are substituted with video camera images taken from an
actual

physical

scene.

Predictive

displays,

graphically correct the transmission/processing

which

attempt

to

delays, and graphics

overlays, capable of displaying critical data from non-visual sensors,
are useful devices that are usually employed to bridge the gap between
VR and Telepresence.

In order to complement this visual portion of

telepresence, other man-machine interface (MMI) means can be employed,
for example exo-skeleton gloves/arms coupled with agile robot arms, with
or without force feddback, which together with HMD's can accomplish true
teleoperation (or telerobotidi tasks.

It remains clear, however, that

HMD's used for visual telepresence hold by themselves great potential
for

operational

improvements

on

tasks

currently

using

traditional

joystick-controlled cameras coupled to fixed monitors.

Telepresence can be applied in any circumstance where it is deemed
hazardous or economically inefficient to send an operator on-site; the
nuclear industry is a potential user, along with the marine, underground
(mining), air and space environments.

As an example of an extreme

situation, visual telepresence can certainly play a useful role in the
Tchernobyl disaster clean-up effort.

The author and chairman of AEROCORP Technologies

Inc. is currently

studying at the graduate level in nuclear engineering, in order to,
among other things, properly incorporate the radiation considerations
into AEROCORP's visual telepresence designs, bringing this technology
one

step

closer

capabilities.

to

experimental

Inquiries

for

and

possibly

demonstration

telepresence prototype are welcome.

of

even

the

operational

current

visual

VISUAL TELEPRESENCE CONCEPT
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ABSTRACT

The results of a project undertaken in February 1993 by Ontario Hydro and Foster-Miller are
presented. This project involved the design and development of a CECIL* system for application
at Bruce "A" Unit 4, immediately following chemical cleaning, during the 1993 outage.
The design features of the Bruce "A" boilers that constitute the operating envelope for the inbundle maintenance system are discussed. These include the 7 cm (2.75 in.) handhole, the 6.8 cm
(2.69 in.) no-tube lane, and the 4.6 mm (0.183 in.) intertube gaps, as well as the various obstructions around the boiler.
The design and principles of operation of the major system elements are described. Major system
elements include the segmented rail, the motorized carriage, the flexible lance with custom fiber
optic probe for in-bundle hard sludge removal and inspection, the high volume barrel spray for
bulk sludge removal, the process system for water purification and handling and the control system
that allows fully remote operation.
The results of the sludge removal program are presented. These include the quantity of sludge
removed from each boiler, the actual time required, the before and after inspection results including hard sludge profiles, and the effectiveness of various nozzle configurations for removing hard
sludge and soft sludge from the tube shadow zones.

HISTORY OF SLUDGE DEPOSITION AT BRUCE "A"
Bruce Nuclear Power Development Nuclear Generating Station "A" is comprised of four CANDU
reactor units and is located in Tiverton, Ontario. Bruce Units 1 and 2 began commercial operation
Cecil* is a patented secondary side maintenance system (US Patent No. 4,827,953 and 5,065,703; Canadian Patent
No. 1,295,897). The research and development for this robotic system was sponsored by Consolidated Edison, Empire State
Electric Energy Research Corporation, the Electric Power Research Institute, and Public Service Electric and Gas.

in September 1977. Bruce Unit 3 and Unit 4 began commercial operation in February 1978 and
January 1979 respectively. The initial decade of Bruce "A" operation was essentially free of
boiler problems; however, in the late 1980s boiler problems began to surface.
The problems were manifested initially in Unit 2 and then in Unit 1 as steam drum level oscillations. The fluctuations were caused by deposits blocking the flow passages in the tube support
plates. Unit derating was used as a first fix; however, as the blockage increased so did the
amount of derate and it became necessary to take maintenance action.
In addition, failures in the Inconel 600 tubes began to increase. Several Unit 1 and Unit 2 tubes
were found failed due to fatigue brought on by flow induced vibration (FIV) in the U-bend
region of the boilers. Small stress corrosion cracks (SCC) were also found on the outside diameter of the tubes. Occuring in all Units, but accelerated in Unit 2 by a lead blanket left inside a
boiler, the SCC was the result of localized stresses, a susceptible material and deposit build up.
These deposits are partially attributable to the use of copper alloy tubes in the feedwater heaters
and condenser. The heavy in-boiler deposits create an aggressively corrosive environment.
At the end of 1992, Unit 2 had approximately 1000 plugged tubes. At the same time, boiler
refurbishment and life cycle management became a key Bruce "A" program. The program
incorporates hydraulic cleaning, chemical cleaning, mechanical modifications, as well as operational improvements.

FEASIBILITY STUDY AND RESULTS
In late 1988, Ontario Hydro sought to develop improvements to the existing methods and equipment used for the removal of sludge from the tubesheets of CANDU Owners Group (COG)
boilers. Inspection of various COG boilers had confirmed the presence of large amounts of
sludge (e.g. over one foot of sludge in Pickering plant boilers), exhibiting compressive strengths
in the tens of thousands of pounds per square inch. It was correctly assumed that improvements
in the sludge removal processes available to the COG owners were necessary to successfully
contend with such large amounts of very hard sludge. The use of CECIL* technology was
considered.
Under contract to Ontario Hydro, Foster-Miller initiated a feasibility assessment program in
1989. Two major factors greatly influenced the adaptation of CECIL* designs for the COG
boilers. First, the COG boilers had handholes much smaller than the handholes for which previous CECIL* systems had been designed. Second, the COG boiler intertube gaps are typically
much narrower than those encountered by most earlier CECIL* models.
Foster-Miller studied the COG boiler configurations and technical application issues in great
detail. As a result, the following conclusions were reached:

• CECIL* technology could be adapted to service and maintain COG boilers.
• The degree of adaptation difficulty varied from station to station depending upon the boiler
design and as-built configuration.
• Flexible lance technology was definitely adaptable to the Bruce intertube gap.
In summary, CECIL* application to COG boiler maintenance and inspection did require significant redesign and relocation of components. These changes would not affect the basic CECIL*
design/operational philosophies and would maintain CECIUs* distinctly superior sludge removal.

BRUCE "A" BOILER DESIGN
The Bruce "A" boilers are a unique vertical inverted U-tube type Babcock and Wilcox Canada
Ltd. design (Figure 1). There are eight per unit arranged in two banks of four each. Each bank is
connected with a common overhead steam drum. The boiler shell outside diameter is 2.29m
(90 in.). The tube bundle is comprised of 4200 13 mm (0.51 in.) Inconel-600 ASME SB-163
tubes arranged in a triangular pitch configuration with a 68 mm (2.69 in.) no-tube lane separating
the hot and cold legs. The tube bundle outside diameter is 1971 mm (77.6 in.). The theoretical
Blowdown Piping

Steam Generator

Manway

Figure 1. Boiler Overview

tube gap at 90° from the no-tube lane is 4.6 mm (0.183 in.). The in-bundle tubesheet area is
18,090 cm2 (2804 in2). A blowdown box covers the bottom of the no-tube lane. Additionally,
twelve 25 mm (1 in.) diameter blowdown pipes are located between the wrapper and the boiler
shell. These blowdown pipes are open ended 25 mm (1 in.) above the tubesheet and run up and out
through the shell to a blowdown ring header encircling the boiler.
No access to the tubesheet secondary side had been provided in the original boiler design. CECIL*
application required access to the secondary side of the boiler in the region below the first support
plate. This necessitated modifications to the containment structure and the boilers themselves.
To provide access to the region below the first tube support plate, Ontario Hydro installed temporary containment seals to allow access through the boiler vault seal bellows (Figure 2). A 660 mm
(26 in.) manway was then cut through the boiler vault seal bellows wall and a 70 mm (2.75 in.)
robot access eyehole was drilled through the boiler shell at one end of the no-tube lane. These
access holes were respectively 1270 mm (50 in.) and 616 mm (24.25 in.) above the tubesheet. The
robot access hole diameter was selected by the Ontario Hydro technical support organization based
upon closure weld stress calculations and the proximity of existing boiler shell welds.
The inside wall of the boiler vault seal bellows limited the drawback distance at the robot access
eyehole to approximately 483 mm (19 in.). This dimension and the robot access eyehole diameter
governed the size of all components entering the boiler. It also forced a modular design and inbellows assembly of the tubesheet waterlancing robot components.
The boiler access modifications were designed, implemented, and tested in parallel with the development of the tubesheet waterlancing system. All access modifications and the subsequent closures and restoration were performed by Ontario Hydro's site construction organization.
BRUCE CECIL* SYSTEM DESIGN AND PRINCIPLES OF OPERATION
System Design
In April 1993, Ontario Hydro contracted Foster-Milller to develop a CECIL* tubesheet waterlancing system for use in the Bruce "A" boiler refurbishment program. Originally, a one-boiler demonstration in Unit 4 was planned with an option to clean a maximum of four boilers (one bank).
Ontario Hydro requested system delivery to support an August 1,1993 in-boiler start date. Consequently, only five months were available for system development
Key system development challenges included:
• Severe physical access restrictions
• Deep, hard tubesheet sludge piles
• Compressed development schedule
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Figure 2. Boiler Access
System Description
The CECIL* tubesheet waterlancing system includes three subsystems: 1) the Robot System, 2)
the Control System and 3) the Process System (Figure 3). The Robot System includes all equipment entering the boiler and the equipment positioned near the bellows access. The Control
System was located at a distance from the boiler in a low radiation area and allowed remote
operation and monitoring of the Robot System equipment. The Process System provides water
storage, pumping and filtration.

Process Skids

Lancing and
Barrel Spray
Hoses

Remote Operator
Workstation

Figure 3. System Setup
Robot System
The Bruce CECIL* robot consists of three modules (Figures 4a and 4b). The first is the locomotion module which allows the robot to traverse the rail. The second can be either the lance barrel
(as shown) or the spray barrel (Figure 5) depending on the function required. The third is the tilt
module which rotates the lance or spray barrels. The modular approach was a departure from
standard CECIL* design necessitated by the physical restrictions at Bruce.
The robot modules are suspended from a rail which is installed section by section through the
boiler access hole. One end of the rail is supported by a kickstand which rests on a boiler
blowdown pipe elbow located at the far end of the no-tube lane. The other end is secured to a
plate temporarily welded to the boiler at the handhole. The rail assembly includes inflatable
bladders that secure the rail in position and protect the adjacent boiler tubes from physical damage during operation.

Rail

Lance
Barrel

Flexible
Lance

(a)

(b)
Figure 4. CECIL* Robot

Figure 5. Spray Barrel (90°)
In lancing mode, the robot traverses the rail, extending and retracting a flexible lance into the
intertube lanes at 90° from the no-tube lane. The robot can rotate about its axis to position the
lance at any point, from the rail to the tubesheet, within the tube bundle. The flexible lance
carries high pressure water jets and a small fiberscope deep into the tube bundle. The water jets
can be directed either straight ahead to remove hard sludge deposits ahead of the lance, or perpendicular to the lance to remove sludge from the "shadow zones". As with the robot modules,
the Bruce boiler geometry demanded a different lance design.
The CECIL® flexible lance assemblies (Figure 6) were qualified for in-boiler use prior to equipment arrival at Bruce. Mockup testing was used to demonstrate the cleaning efficiency and tube
erosion safety for a range of system pressures and flowrates. The lance assemblies were approved by Ontario Hydro for operation at pressures up to 5000 psi at the nozzle.
In barrel spray mode, the robot provides high volume sludge removal from the no-tube lane.
Eight nozzles, built into the spray barrel, direct water jets simultaneously down both the hot and
cold leg intertube lanes perpendicular to the no-tube lane. Automatic sequencing of the robot
rotation and locomotion functions provides complete intensive spray barrel coverage of the
tubesheet. The jets efficiently remove much of the sludge and sweep it to the annulus where it is
captured and withdrawn from the boiler. As with the flexible lance assemblies, the barrel spray
module cleaning efficiency and tube erosion safety were demonstrated through mockup tests
prior to equipment arrival at Bruce. The system was approved by Ontario Hydro for operation at
pressures up to 3000 psi at the nozzles. This allowable pressure is an increase to the standard
CECIL® pressure of 1000 psi and was incorporated to address the difficult tubesheet sludge
conditions anticipated.
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Figure 6. CECIL* Flexible Lance Assembly
A take-up mechanism (Figure 7) tends the video and control power cables, all water lines, and the
lance. The system assures proper tension is maintained on the flexible lance and umbilical cables
during robot insertion and withdrawal. The take-up mechanism also includes a water manifold
assembly to allow process system, high pressure flexible lance line, and barrel spray connections.
Separately, water level monitoring and general area camera equipment are provided.
Control System
The CECIL* control system permits remote control of the robot from distances up to 46m (150 ft)
from the boiler. The control system is capable of:
• Remote control by joystick of locomotion, rotation, and lance extension/retraction.
• Remote readout of robot position in the no-tube lane, lance extension into the tube bundle,
rotational angle, and lance tip distance from the tubesheet.
• Automated sequences for barrel spray operations.
• Enforcement of a primary set of limits and interlocks for system operational safety.

• Take-up system

Lance

Lance guide

Rear guide

Mounting flange

Figure 7. Take-up Mechanism

The base control system hardware consists of a computer, monitor, keyboard, joystick control
panel, with power and signal interface assemblies all provided in a single enclosure module
engineered with consideration to the actual field environment. Separately, other supplied control system components include: a VCR, a monitor and control unit for the general area cameras,
a monitor for the flexible lance video image, a manual control pendant and power supply, a UPS,
a signal conditioner, and associated cable assemblies.
Although the Bruce boiler physical restraints did not directly impact the CECIL* control system
design, the miniaturization of robot module components resulted in a departure from standard
design for certain motors, sensors, and gear ratios, which in turn affected control system application engineering and software development Furthermore, the schedule compression dictated
that a minimum of possible control features be incorporated in order to maintain an acceptable
delivery and allow an adequate hardware/software integration time period.
Process System
In order to accommodate the compressed delivery schedule and also minimize overall project
cost, existing CECIL* process equipment was refurbished to support the Bruce field implementation and provided by Foster-Miller on a no cost basis. The system included five skid assemblies
and associated equipment as follows:
1) A 1890 liter (500 US gals) storage tank skid.
2) A 303 liter (80 US gals) surge tank skid.
3) A filter skid consisting of two cartridge filter housings plumbed in series with three bag
filter housings. The bag filters ranged from 3 to 25^1 providing 2 ft2 filter area each. The
cartridge filters were 0.5|i providing the equivalent of 36 to 254 mm (10 in.) filtration units.
4) A barrel spray pump skid capable of providing 106 lpm (28 gpm) at 28 mPa (4000 psi).
5) A high pressure pump skid capable of providing 45 lpm (12 gpm) at 56 mPa (8000 psi).
6) A control panel.
7) Four suction pump assemblies 700 kPa (100 psig) 2 m3/min (70 scfm).
Considerable effort was directed at optimizing the sludge pick-up feature of the Bruce CECIL*
system for obvious reasons. The final configuration required tying into the existing boiler
blowdown lines just below the ring header. The four lines furthest from the boiler no-tube lane
were selected. One suction pump was attached to each of those four lines.
SITE IMPLEMENTATION
Mobilization
The Unit 4 outage schedule had held firm and consequently, in support of the August 1 in-boiler
start date, the process equipment was delivered on July 23 and the robot and controls equipment

were delivered on July 29. Some initial robot access hole installation difficulties postponed the
actual in-boiler start until August 9. The first boiler entered was boiler #7, which was on the East
bank. All East bank boilers previously had been chemically cleaned during the outage.
As-found Condition
The first task was to perform an as-found condition inspection. Twelve key lanes (eight in the hot
leg and four in the cold leg) were inspected using CECIL'S* flexible lance video system and
mapped based on the control position feedback data. The inspection revealed a 356 mm (14 in.)
high sludge pile on the hot leg and a 280 mm (11 in.) sludge pile on the cold leg (Figure 8). These
sludge volumes were larger than originally anticipated.
Using a combination of barrel spray water jetting from the no-tube lane and in-bundle lancing,
463 kg (1,020 lbs) of wet sludge was removed from boiler #7. The boiler #7 cold leg was left
clean to the tubesheet. The hot leg was similarly cleaned to the tubesheet except for areas containing tube scale. In these areas it is believed that the barrel spray jets have removed sludge down to
the tubesheet. That belief was validated on subsequent boilers by using special inspection
equipment.
Tubescale
Tubescale was found present below the sludge pile on all boilers entered. The CECIL* process
was capable of partially removing this scale, as evidenced from samples collected from the process system surge tank strainer (Figure 9). However, the tubescale was extremely tenacious in the

Figure 8. Boiler #7 As-found Sludge Pile

Figure 9. Tube Scale
center of the hot leg. The tubescale thickness was such that a 2.5 mm (0.100 in.) thick inspection
lance, developed during the project specifically for West bank boiler hot leg inspections, could
not enter the central hot leg lanes. Various lance nozzle angles and pressures were tested over
the course of the field effort in an attempt to remove hot leg tubescale deposits; however, none of
these configurations were successful in removing these deposits.
Angled Barrel Spray
In an effort to reduce boiler cleaning duration sufficiently to meet Ontario Hydro's West bank 23
day window, a new "angled barrel spray" module (Figure 10) was rapidly developed by FosterMiller over the month of September. This module contained barrel spray nozzles directed at 30°
and 150° to the barrel and therefore would allow cleaning of the tube bundle lanes at those
angles from the no-tube lane.
It was envisioned that a combination of the 90° barrel spray passes and "angled barrel spray"
passes would result in effective sludge pile removal and reduction in the subsequent in-bundle
lancing efforts necessary to completely remove the sludge remaining behind the tubes (shadow
zones).

PROGRAM RESULTS
The angled barrel spray module, coupled with other interbank equipment enhancements, resulted
in a tremendous schedule improvement during the West bank boiler cleanings (Table 1). While
the shortest duration achievable during the East bank was eight and one half days, the average
duration for the four West bank boilers was just over four days. A reduction of 50 percent! This
allowed the West bank tubesheet waterlancing to be completed one week ahead of schedule.
Another difference between banks was the weight of wet sludge removed. On the East bank, the
average weight of wet sludge per boiler was 446 kg (984 lbs). On the West bank the average per

Figure 10. Angle Spray Barrel (307150°)
Table 1. Wet Sludge Weight and Cleaning Duration by Boiler
Boiler Number
7
8
5
6

Sludge Weight (kg)
462.5
453.4
389.9
480.6

Time Required
12 days, 21 hrs
10 days, 14 hrs
8 days, 21 hrs
8 days, 12 hrs

East Bank Total
1
2
3
4

1,786.4
429.9
578.7
607.6
472.6

40 days, 20 hrs
4 days, 18 hrs
3 days, 22 hrs
4 days, 2 hrs
3 days, 19 hrs

West Bank Total

2,088.8

16 days, 13 hrs

boiler increased by 17 percent to 522 kg (1150 lbs). Overall, the tubesheet waterlancing effort
removed over 3856 kg (8500 lbs) of wet sludge from the eight Unit 4 boilers cleaned.
The Bruce CECIL® system performed extremely well, especially considering the first time use
and compressed development schedule. System availability over the East bank work duration
ranged from 83 to 93 percent and averaged 88 percent. For the West bank cleanings, the availability ranged from 90 to 98 percent and averaged 93 percent.
Ontario Hydro plans to continue use of the Bruce CECIL* system for boiler tubesheet waterlancing with the next implementation scheduled for the Unit 3 April 1994 outage. In order to maximize tubescale cleaning effectiveness for the Unit 3 boilers, CECIL® will be used before and
after chemical cleaning.
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The next generation CANDU Control Centre is being designed at the new AECL CANDU
design centre in Saskatoon, Saskatchewan. This work, being done on the CANDU 3 program,
is generic to the Candu 3, 6 or 9 size generating station. The design will include advances in
the features of existing CANDU control centres, advanced features made possible by new
technology and will address characteristics required by human factors analysis of control centre
operations. A full scale mockup of the control centre panels and consoles being built in the
Saskatoon design office facilities will be used for verification and validation of the advanced
control centre features, displays and operator interactions. This paper presents the design
process applied to achieve upfront engineering, qualification and licensing of the. control centre,
illustrates the control centre mockup from a CAD 3D model of the design and gives an update
on the status of the project.
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ABSTRACT
The retubing of CANDU reactors is a complex process which involves the removal and disposal
of highly activated and contaminated calandria tubes and pressure tubes. For Bruce 'A' N.G.S.,
old pressure tubes will be removed from the reactor by cutting them into three segments; two
end fitting assemblies which measure up to 3.2 m in length, and one pressure tube segment
which measures up to 6.3 m. in length. Calandria tubes are 6.2 m in length. The function of
the retube transfer cask is to provide for shielded transfer of these components between the
reactor face and the in-ground disposal facility. This paper describes the design and fabrication
of this cask.

FUNCTIONAL DESCRIPTION
The Bruce N.G.S. Transfer Cask (T/C) is a lead shielded, steel fabrication, with dimensions of
approximately 7280 mm long x 1200 mm high x 1660 mm wide, with a wall thickness of
152 mm. The total weight is 54,000 kg. Figure 1 shows the cask under construction at the E.S.
Fox machine shop in St. Catharines, Ontario. The cask has the appearance of an elongated
hollow box. Located inside the cask is a steel disposable liner. A sliding unloading door on
one end of the cask is used to load and unload liners. These disposable liners serve to contain
the waste components during transfer between the cask and final disposal
in-ground containers.
During loading operations in the vault and in transit on a flat-bed truck, the T/C is supported
on support pads at its base. Four trunnions, two on each side, are provided for handling and
support during other times.
On the top surface of the cask is a long narrow opening running the full length, which contains
a revolving loading door. This door can be rotated 180° (CW or CCW) by a fully backed up,
PLC automated loading door drive mechanism.
During operation, a waste component (WC) is first placed in the loading door trough. The
loading door is then rotated 180° (automatically CW or CCW) dropping the WC into the liner.
Finally, the control system rotates the door in the opposite direction returning to it's original
position. The T/C loading door is remotely controlled from the Retube Control Centre (RCC).
Sensors at the loading door indicate, to the RCC, whether the door is fully opened or fully
closed.
For personnel safety, the T/C doors have manually operated locks to prevent accidental
actuation. Visible flags are provided for all manually operated locks (when loaded).
After the T/C is removed from the vault (by a special vehicle), a gasketted shroud is placed over
the entire loading door. Covers or slippers are also placed on the T/C support pads. The
shroud and slippers prevent the dispersal of loose contamination during transit.
There are two types of liners available; one for pressure tubes (P/Ts) and calandria tubes (C/Ts),
and one for end fittings (E/Fs). Both types have a short axial divider attached to the forward
and rear bulkheads, dividing the liner into two sections. This divider is used to ensure a
uniform distribution of components in each half of the liner. Because of this, it is necessary for
the loading door to rotate alternately CW and CCW. For liners carrying E/Fs, the liner has an
additional bulkhead centrally located. This central bulkhead is equipped with axial dividers on
each side. This essentially divides the liner into four compartments. When using this liner, the
loading door trough is also fitted with a central divider as well. For liners carrying P/Ts and
C/Ts, the central divider is omitted.

Other features of the cask include an automated, PLC-based control system (with a manually
controlled backup system), and a viewing and lighting system for remote viewing of the cask
interior during operations.
For viewing of the cask interior, two CCD cameras are located in the loading door; one in each
of the hollow axles at each end. With the door closed (trough facing upward), the cameras are
not operable since the view for the interior is blocked. This blockage also shields the cameras
from radiation. When the door is rotated so that the trough is facing the interior, the cameras
can be operated and the liner interior can be examined. Video monitors for the cameras are
located in the RCC. Markings within the liner provide an indication of the available space.
Lighting for the camera is provided by a high-frequency light in the shape of a circular ring
fitted around the lens of each camera. The frequency of the lights is controlled by the PLC.
Ports located on the PLC provide interfaces for the T/C with other tools or components used
in the retube operation.
The Bruce N.G.S. transfer cask presented a number of special design challenges to the project
team. Of particular importance were the large number of interface systems which the cask had
to be designed to accommodate. As many as 12 mechanical and 7 electrical and control systems
were identified as pre-existing interfaces. These imposed particulary difficult physical
constraints on the configuration of the cask.
The following is a list of tools and components with which the T/C will interface:
•
•
•
•
•
•
•
•
•
•
•
•

Shielding cabinet (S/C);
Remote tool carrier (RTC), removes waste containers from the calandria and places them
in the loading door trough;
Irradiated components waste containers (i.e. pressure tubes (P/T), calandria tubes (C/T),
and end fittings (E/F));
Vault isolation bulkhead floor;
Personnel and equipment air lock 2 (A/L 2);
Decontamination equipment;
In-ground Containers (IC's), for storage for liners containing waste containers;
RWSA handling equipment: removes T/C from flat-bed truck and unloads liners into IC.
On-site transportation equipment: flat-bed truck for transportation of T/C outside
buildings.
Existing reactor building services (e.g., tool air, class 4 power, etc.);
Hoisting equipment at Bruce A and at RWSA; and
ICMS transfer vehicle, special vehicle for transportation of T/C inside buildings.

Electrical and control interfaces are as follows:
•
•
•
•
•
•
•

Reactor building electrical services;
Reactor vault cable penetrations;
Control equipment area (CEA);
Backup panel (in RCC);
Retube control centre (RCC);
Retube Control System (RCS) for remote control; and
Vault Observation System (VOS) for remote control.

An additional challenge was the structural capacity of the cask. It was required to be selfsupporting from four trunnions. Given the number of openings in the cask body (for the loading
and unloading doors, amongst others), the large total weight of the cask, and the interference
that internal structural reinforcing plates imposed on lead pouring, this made for a complex
structural design. ANSYS finite element software was used extensively to examine the cask
structural response for normal handling, accident and lead pouring conditions.
Major components and subsystems for the T/C are shown in Table 1.
DESIGN REQUIREMENTS
The design of the transfer cask is based on strength, dimensional, reliability, maintainability,
storage, safety, electrical and control requirements. These requirements are summarized below.
Strength Requirements:
•
•

ambient temperature range -40°C to 70°C;
each trunnion shall withstand 2.5 times its normal loading.

Dimensional Requirements (T/C):
•
•
•
•
•

outside length = 7,341 mm (289");
outside width = 1,321 mm (52");
height = 1,194 mm (47")
shielding = 146 mm (5.75") lead equivalent;
empty weight = 45,300 kg (50 tons).

Dimensional Requirements (Liner):
•
•
•

inside length = 6,502 mm (256");
inside width = 991 mm (39");
capacity = 15 to 18 P/Ts.

Reliability Requirements:
•

loading door = 40,000 cycles;

•

T/C = 2,000 cycles

Maintainability Requirements:
•
facilitate any scheduled maintenance during a one-year period;
•
access to all items requiring inspection and those requiring unplanned maintenance;
•
T/C exterior must be easily decontaminated.
Storage Requirements:
•
•

stored outside, unprotected from the weather for periods up to 6 months;
stored outside but protected from the weather for periods greater than 3 years.

Radiation Safety:
•
•
•

the T/C shall ensure that public and occupational radiation doses are as low as reasonably
achievable (ALARA);
minimize the spread of loose contamination;
active components within the T/C must be shielded to limit radiation fields to 20
mrem/hr, at one metre from the cask.

Conventional Safety:
•

satisfy conventional safety requirements.

Electrical/Control Requirements:
separate power sources for main and backup drives (208 VAC, 3 PH, 4 W);
120 VAC control power source for the viewing system, PLC and door position resolvers;
24 VDC power source to operate control devices;
loading door backup drive to be hardwired and independent of PLC controls;
drive motors shall have internal winding temperature sensors;
proximity switches will detect loading door open and closed position;
resolver will provide accurate loading door position;
all cask operations shall be remotely controlled from the RCC;
local controls for emergency stops and to enable/disable remote controls;
viewing system to provide visual information of the cask interior;
the viewing system will be controlled from the RCC. The video signal will be routed
to the VOS;

•
•

the electrical system will integrate all T/C feedback devices, operator devices, control
system signals and vision system feedbacks;
all necessary interlocks will be included to ensure safe operation.

DESIGN DESCRIPTION
Hazard Analysis
One of the first investigations undertaken by the design team was a hazard analysis. Results
from this work defined various operational and loading scenarios as well as required design
features.
This hazard analysis identified both industrial and radioactive hazards related to operation and
transport of the Transfer Cask (T/C). As well, it identified design features, and led to
recommendations with respect to monitoring and procedural practices to provide preventative
barriers to eliminate or minimize the hazards.
The methodology used in the hazard analysis was a qualitative analysis, involving the following
steps:
•
•
•

definition of the operational scenario;
identification of potential hazards which may be encountered;
qualitative classification of the probability and consequences of these hazards;

•

identification of preventative barriers to eliminate or minimize the hazards.

Identified hazards are listed below, in order of severity of consequence:
Radiation Hazards:
•
Exposure of Cask Contents to Environment;
•
Inadequate Shielding;
•
Removal of Loading Door in Presence of Unprotected Personnel;
•
Operation of Loading Door in Presence of Unprotected Personnel;
•
Contamination of Cask Exterior;
•
Loading Door Jammed With Active Component;
•
Loading Door Failed or Jammed on Loaded Cask;
•
Loaded Liner Jammed in Cask;
•
Damage to Liner or Loss of Contents During Unloading;
•
Damage to Unloading Door During Unloading;
•
Components Loaded in Incorrect Orientation;
•
Damage to RTC During Loading Operations.

Personnel Injury Hazards:
•
•
•

Injury to Nearby Personnel During Movement of the Cask;
Accident During Cask Transport;
Operation of Loading Door During Cask Maintenance.

Reliability and Maintainability
The main components and mechanisms investigated for reliability and maintainability were:

•

loading door bearings;
unloading door bearings;
gear support bearings;
loading door gears;
gear boxes;
clutch/brake module;
electric motors;
viewing system.

Each of the above components were designed to meet required service life. No requirement,
however, was specified for the viewing system. Due to the high levels of radiation, life
expectancy and the required number of cameras were estimated for the deviation of the retube
operation.
Other components associated with the above components were designed for unplanned
maintenance. In many cases this required removal and replacement by remote tooling.
Strength Analysis
Meeting strength requirements was complicated by stringent requirements on temperature range,
dimensional and radiation constraints. Many standard methods of achieving strength could not
be used since they would violate dimensional constraints at the T/C interior and exterior
surfaces. As well, structural supports between the interior and exterior surfaces reduced
radiation shielding.
Structural analysis was carried out using the ANSYS finite element code.
components were analyzed:
•
•
•

T/C body;
Unloading door;
Loading door.

The following

Each component was analyzed for various load conditions. In most cases, no structural credit
was given to the lead shielding.
FINITE ELEMENT ANALYSIS (FEA)
Transfer Cask Body FEA
Because of the symmetry of the T/C body as viewed along the longitudinal axis of the cask, the
model represents one-half of the cask body. Figures 2 and 3, show two views of the model.
The FEA considered the three following load cases:
•
•
•

Case 1 Case 2 Case 3 -

T/C is horizontal and supported by four trunnions;
T/C is horizontal and supported by pads at the base;
T/C is vertical and supported by two trunnions.

A maximum compressive stress of 10,500 psi occurs in Case 1 at the open end below the
loading door bearings. The minimum safety factor is 4.2.
Unloading Door FEA
Figures 4 and 5 show the unloading door (UD) model. Three cases were analyzed as follows:
•
•
•

Case 1 Case 2 Case 3 -

T/C vertical, and the liner, with 20 E/F's, drops 3" onto the UD;
T/C vertical, and the UD supports its own weight;
T/C horizontal (normal operation).

Load Case 1 was used to stress the bolts for a postulated accident case to determine if the door
will remain in place. The maximum bolt load is 23,840 lb., which is less than the allowable
bolt load of 27,000 lb. Hence the loads will retain the door in place, although the door will be
damaged.
For normal operation (Cases 2 and 3), the maximum stress is 5,800 psi resulting in a safety
factor of 7.7.
Loading Door FEA
The loading door (LD) model is shown in Figures 6 and 7. RTC slots (6" long and 23/s" deep)
have been incorporated into the model, as shown in Figure 7. The maximum stress in the LD
is 18,856 psi (safety factor of 2.3) and the maximum deflection is 0.42 inches.

LEAD POURING
The cask was poured from the bottom up and had a number of overflow pots installed that
allowed the molten lead to rise above the highest point of the cask. The reason for the overflow
pots was twofold, (a) they allowed any dross or impurities in the lead to float up out of the cask,
and (b) they supplied additional lead to allow for shrinkage during the cooling process. The lead
used for the cask project is 99.9% pure and was supplied by Brunswick Mining and Smelting
(a division of Noranda).
A melt crucible with a capacity of 60 tons of lead was fabricated by E.S. Fox. The crucible
consisted of an upper chamber that held the lead and a lower heating chamber. Melting of the
lead was achieved by means of electrical wall heaters on the upper section and a 2 million BTU
gas burner in the heating chamber below. Thermocouples were installed inside the crucible and
at various points on the outside surface. The thermcouples were in turn connected to a
programmable microprocessor that controlled the heat to the various zones of the crucible. The
lead was heated to a temperature of 800 CF which took approximately 12 hours. (The melting
temperature of lead is 625 °F). Cooperheat of Canada Ltd., supplied and operated the heating
and temperature control equipment.
An insulated heating chamber for raising the cask to pouring temperature (750 °F) and
maintaining it during the pour was fabricated. Heat for this chamber was supplied by a 2
million BTU gas burner. This chamber also had a number of thermocouples attached which
were connected to a microprocessor that allowed for controlled cooling of the cask on
completion of the pour. The cooling was carried out in zones from the bottom up. As each
zone cooled and shrinkage took place, molten lead above it would continually fill any voids.
The overflow pots held sufficient molten lead to fill any voids created by shrinkage.
Before placing the cask in the heating chamber it was braced both inside and outside to prevent
any distortion during the lead pour. A stress analysis of the cask at the pouring temperature was
completed by Wardrop Engineering prior to the design of the bracing.
The loading and unloading doors were poured in a similar method as the cask.
An environmental control system to vent any fumes from the melt crucible or the cask was
designed and fabricated to meet the requirements of the MOL and MOE. In-house procedures
for the safe handling and disposal of lead or lead contaminated items were developed and
implemented. On completion of the lead pouring and removal of the melt crucible, the area was
thoroughly cleaned up and tested for lead contamination.

Lead Pour Analysis
To assist E.S. Fox with the lead pouring process, Wardrop undertook a finite element analysis
(using ANSYS) to model thermal and hydrostatic loadings which occurred during the pour.
From this data, structural supports were designed, and the cask modelled again to reflect the
supports. This helped to ensure the integrity of the cask during lead pouring.
Major assumptions used in the analysis were:
•
•
•
•

The Cask model was analyzed for structural performance under gravitational,
temperature, and hydrostatic pressure (due to lead) induced stresses;
Cask was assumed to be free to expand axially.
Supports were free to move with the cask (i.e., the supports are on rollers).
The model was for the cask/lead system at steady-state conditions at 770°F, and 70°F
ambient temperature. No transient modelling was carried out.

The analysis indicates a maximum stress in the T/C of 21,000 psi and a maximum stress in the
support structure of 13,200 psi. All stresses were found to be within material allowances.

Testing of the Lead Pour
After removal of the cask from the heating chamber and after removal of the bracing and
overflow pots, the cask was weighed. The weight was compared to the weight of the cask
empty and the weight full of water. These figures were used to determine the actual fill rate of
the lead pour for each cask. The average fill rate over the six casks exceeded 99% of the cask
cavity.
On completion of the cask assembly, the integrity of the lead pour was tested using a cobalt 60
gamma source. The cask was marked off in a six-inch square grid and a high and low reading
recorded in each square. The results of this testing confirmed a homogeneous lead pour
throughout the cask cavity.
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OTHER MANUFACTURING CHALLENGES
In addition to the large number of design challenges which the transfer cask presented to the
project team, there were also a large number of manufacturing constraints.
The large number of interfaces with other tools, and the large number of working moving
components on the cask imposed tolerancing constraints which were much higher than are
normally encountered on a fabrication of this size. For example, location of the trunnions
require that the main lifting trunnions had to be located within positional tolerances of
+/- 1.0 mm in three axes, plus angular tolerances of +/- 0.5 degrees. In order to ensure
resistance free installation and removal of liners from the cask, it was required that the cask be
straight to +/- 0.75 mm over its 7,280 mm length. A further example was the loading door.
In order to ensure friction free rotation, and to accommodate centre deflections of up to 12 mm,
it was necessary to form the door by breaking a 19 mm plate to the required radius, and then
machining the door on a lathe to a minimum wall thickness of 12.5 mm.
The cask body represented a complex weldment. To ensure that residual stresses were
adequately relieved, the entire cask body was stress relieved in E.S. Fox's Aberfoyle, Ontario
stress relieving oven.

CONCLUSIONS
The Bruce N.G.S. transfer cask represents what may be the largest and most complex lead pour
ever attempted in Canada. It was necessary to develop a lead pour method which provided for
complete, void free lead pouring. Further, it was required that this method accommodate the
normal 2% volume shrinkage which results from lead cooling, without leaving shielding voids.
A proprietary method was developed by E.S. Fox which achieved these goals.
One cask has been successfully built and commissioned and will be used to test the transfer
vehicle. Functional testing of the cask with respect to the operation of the loading and unloading
doors, the liner installation and removal and the viewing system was completed prior to
acceptance by Ontario Hydro. Supply of five additional casks has been delayed due to the
current Ontario Hydro funding shortage.
The delivery of the cask represents a significant achievement, given the large number of design
and manufacturing complexities which were presented. It is further testament to the capabilities
of Canadian industry when presented with the challenges of the nuclear industry.

REF: 94QSCH)8.O3\C ASKPAPR.TXT
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TABLE 1
DESIGN AND FABRICATION OF THE
RETUBE TRANSFER CASK FOR BRUCE N.G.S.
SUMMARY OF MAJOR COMPONENTS

CONFIGURATION

FUNCTION

Cask Body

• 7.280 mm long by 1,200 mm high % 1660 mm
wide.
• 42,400 kg total weight.

• provide shielding to reduce surface fields to less
than 20 mR/hr at 1 m from cask surface.
• provide structural support and containment
through handling operations, and to support
ancillary components.

•
•
•
•

Loading Door

• 400 mm dia. x 6,900 mm long.
• 6,500 kg. loul weight.

• contains a trough along it's length to support
waste components.
• rotated through 180 deg. to dump components
into liner

• rolled from 19 mm c.s. plate and welded.
• post-weld lead pour (with lead thickness
variable from 60 mm to 150 mm).

Loading Door Drive

• 2.0 HP main drive c/w clutch/brake module,
helical-bevel gearmoior reverse-locking clutch,
and 3-gear train.
• 2.0 HP back-up drive system similar to main
drive.

•
•
•
•

• cask fitted with retractable shielding bars to
minimize streaming around loading door.
• manufactured with commercially available drive
components.

Unloading Door

• 1.300 mm wide x 950 mm high x 160 mm thick
(excl. frame).
• 1.830 kg loul weight.

• opens on roller guide equipped support frame to
permit liner installation.
• fitted with primary and secondary, active and
passive lock mechanisms to prevent accidental
opening.

• 9.5 mm c.s. plate construction.
• 146 mm lead shielding.
* post-welding lead pour.

Liner

• 6,360 mm long x 965 mm high (inside
dimensions).

• disposable liner to store up to 16 pressure tubes,
calandria tubes, end fittings.

• 6.4 mm thick c.s. construction.

Viewing System

* 2 CCTV cameras mounted in the end-shafts of
the loading door.
• xenon gas flash lamp lighting source, strobed to
control nature and quality of light.

• provides visual access to the inside of a partially
loaded liner.

• MOS-type camera, selected for periodic
replacement.
• 8.0 mm. ft: 1.4, wide angle lens.
• custom flash lamp and controller.
• designed to facilitate periodic replacement.

Electrical and Control Systems.

• PLC-based primary controls.

• 208 VAC supply to main drive motors.
• 120 VAC supply for control power.
• additional 24 V D C . 12 V D C and 5 V D C
supplies for other specialized control
requirements.

• primary and back-up controls located remote
from reactor vault.
* fully backed control system.
• emergency stop system permits access at cask,
or remotely from cask.

COMPONENT/CONSTRUCTION

• hardwired back-up controls.

supply turning torque at 2,700 N-m.
rotational door speed at 3.7 rpm.
clutch to isolate redundant drive.
brakes provided to prevent movement in a stall
situation at 0 deg. and 180 deg.

CONSTRUCTION
9.5 mm c.s. plate inner and outer walls.
146 mm lead shielding.
welded, stress relieved construction.
post-welding lead pour.
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ABSTRACT
This paper describes an algebraic linear model (dubbed
MMOSS for Model of Multiple-channel OScillationS) developed to
explain and predict pass-to-pass out-of-phase oscillatory behaviour
in a CANDU-type multiple-channel figure-of-eight loop under twophase thermosyphoning conditions. Presently, a simulation model of
CANDU with a large (about 100) number of channels is impractical due
the resulting slow simulation speed and large memory requirement.
Two-phase
thermosyphoning
conditions
are predicted
by
thermalhydraulic codes for some postulated accident scenarios in
CANDU. Low pressure two-phase thermosyphoning experiments in the
multiple-channel RD-14M facility have indicated that (pass-to-pass
out-of-phase) oscillations in the loop conditions caused the flow
in some of the heated channels to undergo sustained reversal in
direction. This channel flow reversal had significant effects on the
channel and loop conditions. It is, therefore, important to
understand the nature of the oscillations and be able to predict the
conditions for the onset of the oscillations or for stable flow. For
stable flow conditions and at low pressure, the coolant in the
channels continue to flow in the forward direction.
MMOSS was developed for a figure-of-eight system of any
number of channels. The system characteristic equation was derived
from a linearization of the conservation equations for mass,
momentum, and energy. MMOSS is a simple generalization of a
•Paper presented at 14th Annual Conference of CNS, June 5-8, 1994,
Montreal, Quebec

previous model for a single-channel system. In this paper, the MMOSS
characteristic equation is solved for a system
of N identical
channels. This simplification provides valuable physical insight
and
some
reasonably
accurate
results.
Furthermore,
the
simplification is not unrealistic because, in a multiple-channel
system, a group or groups of channels are nearly similar.
This model predicts N modes of "pass-to-pass out-of-phase
oscillations. In one of the modes, the f l W oscillations in all the
channels in a given pass have the same amplitude and phase. The
amplitude of the oscillations decreases with the square root of the
number of channels. Therefore, a system with a large number of
channels (such as CANDU) may be expected to be more stable than a
system with a small number of channels (such as RD-14M). Therefore,
at low pressure, a system with a large number of channels is less
likely to exhibit channel floto; reversal. In each of the other N-l
modes, the flow is steady in some of the channels. In the other
channels except one, the flow oscillations have the same amplitude
and phase. In the one channel, the flow oscillation is out-of-phase
with those in the other channels and its amplitude equals the sum
of those in the other channels. Therefore, in these\N-l modes, the
thermosyphoning (i.e., total) flow is steady. Consequently, in these
modes and at low pressure, the coolant in the channels continue to
flow in the forward direction.
From the MMOSS characteristic function for RD-14M under twophase thermosyphoning conditions, a flow stability map is generated
as a fuction of loop integrated void, secondary side pressure, and
channel power. MMOSS predicts that the flow is stable above about
4 MPa secondary side pressure. At a given pressure below this
pressure, the flow is unstable over a range of the void. This range
is larger the lower the pressure. These predictions agree
reasonably well with the results of the RD-14M experiments.
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INTRODUCTION
The primary heat transport system in CANDU consists of a large
number of horizontal pressure-tube fuel channels connected by
individual feeder pipes to horizontal headers (manifolds). The
headers are connected to pumps and steam generators. The headers
and steam generators are located above the core. The steam
generators consists of a large number of inverted U-tubes.

In the safety analyses of some postulated loss of coolant
accidents, it is assumed that some time during the accident and
after the reactor shutdown, either electrical power to the pumps
are lost or the pumps are automatically tripped. Therefore, the
pumps run down. Consequently, the flow in the fuel channels
decreases. After the pumps have run down sufficiently, a natural
circulation flow, called thermosyphoning, removes the fuel decay
heat and transports it to the steam generators. (Thermosyphoning
refers to a continuous natural circulation flow over the top of the
steam generator U-tubes.) Under reduced loop inventory conditions,
two-phase conditions exists somewhere in the outlet piping
including the steam generator tubes and the thermosyphoning flow
would be two-phase.
Two-phase thermosyphoning experiments (References 1 to 6)in
the integral loop facility RD-14M (Figure 1) with geometric
configuration similar to that in CANDU showed that, for a range of
low pressure and loop integrated void fraction, the loop and
channel conditions were oscillatory. Under these conditions, the
variations in the loop and channel variables (such as the inletto-outlet header diffferential pressure and loop flow) in one loop
pass were nearly out-of-phase with those in the other pass. Similar
oscillatory behaviour was also observed (Reference 7) in the
single-channel per pass RD-14 facility.
From the results of the low pressure RD-14M experiments, it is
deduced (References 1 to 6) that the oscillations in the header
differential pressure caused the flow to reverse in some of the
heated channels. It was also deduced that this sustained channel
flow reversal increased the inlet header fluid temperature and
reduced the thermosyphoning flow and, therefore, pressurized the
loop (due to reduced heat transfer to the steam generators).
Furthermore, during a draining operation in a few of the RD-14M
experiments at low pressure, the fuel element simulators began to
heat up in one or more of the channels soon after the flow had
reversed in these channels and at a high loop inventory. It is,
therefore, important to understand the nature of the oscillations
and how the multiple channels interact through the headers.lt is
also important to be able to predict the conditions for the onset
of the oscillations. In particular, it is important to predict the
conditions for stable flow because, for these conditions and at low
pressure, the coolant in the channels continue to flow in the
forward direction.
This paper presents an algebraic linear model, called MMOSS,
developed to explain and predict the threshold conditions for outof-phase oscillatory behaviour in a multiple-channel system with a
geometric configuration similar to that in RD-14M and CANDU. In the
following sections, the paper describes the experiments, the model
derivation, the model prediction, and
its comparsion with the
experimental results. The paper then presents the conclusions and
possible future work.

R0-14M TWO-PHASE THERMOSYPHONING EXPERIMENTS
RD-14M (Figure 1) is a five-channel per pass loop experimental
facility with its major components arranged in a figure-of-eight
configuration similar to that in a CANDU heat transport system. The
five electrically heated channels are located at various elevations
below the horizontal headers.
End fittings and feeder pipes
connect the individual channels to various locations on the header
circumference. The headers are connected to steam generators with
inverted-tube bundles. The end fittings and feeders are trace
heated to reduce heat losses. Nevertheless, significant heat losses
have been identified in the loop. The RD-14M facility is
extensively instrumented.
A number of steady two-phase thermosyphoning experiments
(References 1 to 6) were conducted at 60, 100, and 160 kW pass
power, 0.1, 1.0, and 4.5 MPa secondary side pressure, and various
reduced loop inventory levels (or integrated void fraction). In
these experiments, single-phase thermosyphoning was initially
established at the desired conditions in power, primary and
secondary side pressures, and secondary side feedwater temperature.
Subsequently, fluid was drained intermittently from one of the
outlet headers to obtain two-phase thermosyphoning conditions at
various desired loop integrated void fraction. This draining was
continued until a process trip, usually high (600 °C) heater
element temperature, terminated the experiment.
The results of these experiments have been analyzed in some
detail (References 1 to 6 ) . Some of the major phenomena osberved in
the 160 kW experiments are briefly as follows.
Above a certain loop void, the channel and thermosyphoning
(i.e., total) flows and the pressure at various parts of the loop
became oscillatory.
At high pressure, the loop conditions were stable at low and
oscillatory at high ( above about 15%) loop void (Figure 2 ) . The
oscillations in the variables in one pass were nearly in-phase with
those in the other pass.
At low pressure, the observed oscillations in the loop
variables in one pass were nearly out-of-phase with those in the
other pass up to a high loop void (Figures 3 and 4 ) . In each of the
passes, the oscillations had a complex fine structure (i.e., the
oscillations consisted of superposition of a number of frequency
components, and the more so the lower the pressure. Nevertheless,
the oscillations in two passes were mostly out-of-phase with one
another. Below a certain loop void, the oscillations, which were
apparently excited by the draining operations, were damped
(Figures 3a and 4a). Above this loop void, the oscillations became
unstable and grew to a
limit cycle with a significantly large
amplitude (Figures 3b and 4b).In a given pass, the flows in the
individual channels exhibited various types of oscillations. In
some of the channels, the flows were steady or showed small

amplitude oscillations. In the other channels, the flows were
oscillatory with different oscillation amplitudes and phases.
Above a certain loop void, the flow in some of the channels
reversed in direction. Analysis of the experiments (References 1 to
6) seems to show that, at high pressure, this channel flow reversal
was caused when the mean value of the inlet-to-outlet header
diffential pressure became significantly negative. At low pressure,
the out-of-phase oscillatory loop conditions, specifically, in the
inlet-to-outlet header differential pressure (about a near zero
mean value) apparently caused the flow channels to reverse.
During a draining operation in a few of the experiments at low
pressure, the fuel element simulators in some of the channels began
to heat up at a low value of the loop void and soon after the flow
had reversed in these channels.

MODEL DERIVATION
The model MMOSS for an arbitrary number (N) of channels was
derived similarly to that in References 8 to 11. This derivation is
described in detail in References 8 and 9 and is outlined in this
section as follows.
For simplicity, the model neglects the relatively small: (i)
pressure drops associated with the fluid inertia, momentum
convection, and friction in the two-phase region, (ii) variations
in the subcooled density and channel inlet fluid enthalpy, and
(iii) contributions from the motion of the boiling boundary in the
channels and of the condensing boundary in the steam generator
tube. (A steam generator with a single tube is used.) MMOSS (a)
assumes complete mixing of the fluids emerging from the outlet
feeders and flowing into an outlet header, and (b) for simplicity,
neglects relatively small fluid transit times along the header for
a short header such as that in RD-14M.
For each of the channels, MMOSS linearizes and integrates the
one-dimensional momentum equation:

(where A=flow area, W= mass flow, p=pressure, v=loss factor, pdensity, g=acceleration due to gravity, and 8=angle of flow
direction to the horizontal) over the (subcooled) water region from
an inlet header to the boiling boundary in the channel. The
resulting equation is perturbed to obtain (References 8 and 9):

(1)
where * and subscript zero indicate respectively the perturbed and
steady-state variables, Wk*= channel k subcooled water flow, and p=
spatially uniform pressure in the downstream two-phase region. In
Eq. (1), a term corresponding to variations in the hydrostatic head
in the outlet feeders has been dropped for simplicity and but is
accounted for in the MMOSS predicted stability map presented below.
This term is important at low but small at high values of the loop
void.
The pressure p* is related to the density and enthalpy as
follows:

(2)

The one-dimensional
momentum:

two-phase mixture equations of mass

and

dw
(3)

_ d(Wh)
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are linearized and used in eq. (2) and the resulting equation is
integrated from the boiling boundary in the channel to the
condensing boundary in the boiler hot leg over the volume of the
outlet piping including the outlet header to obtain (similarly to
that in References 8 and 9):
(4)

dt

where hk= channel k outlet enthalpy, hB1= boiler inlet enthalpy, Wo=
2"k-iwoitf W-J^W*,,, V= two-phase volume, and N= number of channels.
In eq. (4), the flow variation in one pass is chosen to be 180° outof-phase with that in the other pass.
Linearizing and integrating eqs.(3) from the channel boiling
boundary to the condensing boundary in the boiler cold leg

(including over the extended volume of the outlet header), one
obtains (References 8 and 9 ) :

where
the overhead bar indicates the Laplace transform variables,
x2ks two-phase region transit time for channel k, and the Laplace
parameter s= o + jo>, with o= oscillation growth factor and 10=
oscillation frequency. Eq.(5) (a) assumes complete mixing of the
fluids emerging from the outlet feeders and flowing into the outlet
header, and (b) for simplicity, neglects relatively small fluid
transit times along the header for a short header such as that in
RD-14M.
Linearizing and integrating eqs. (3) from the inlet to outlet
end of the channel k, one obtains (References 8 and 9 ) :
h\ = - - ? * - [i^(i - e ""«)«""* + u ^ d - e-K*)]w\

(6)

W

ok

s

where qk= channel k power per unit length, uokl= steady-state fluid
velocity in the channel k subcooled region, uokc= steady-state fluid
velocity in the channel k boiling region, and x u and xte are the
transit times in the respective regions.
Eq. (1) is differentiated w.r.t. time and Eqs. (2) to (6) are
substituted into the resulting equation to obtain the system
characteristic equation for each of the channels j (similarly to
that in References 8 and 9 ) :

(7)

i (s2 + 2^v OJ s)Pj • YLx Tk Bk "*k= °

J>=1

where

(8)

Bk

where L^length of piping from the inlet header to the boiling
boundary
for channel j, A1=flow area for channel j,
X^^T^X^,
T
k2icSSTk2+"i:ki/ a n d the parameters \iokf Xok, and rolc are functions of the
loop pressure, pass power, steady-state flow, and loop geometry for
the channel k defined identically to those in References 8 and 9.

OSCILLATION MECHANISM
Eg. (7) is the momentum equation for the fluid flow in the
channel j. The first two terms on the left-hand side (l.h.s.) of
eg.(7) represent the pressure drops associated with respectively
the fluid flow inertia and friction. The third term on the l.h.s.
of eg. (7) represents the difference between the pressure in the
two-phase regions in the two passes or, equivalently, twice the
pressure variation in one of the two passes. Eg. (7) is similar to
that of an oscillator with a frictional damping (second term) and
a restoring force (last term). However, unlike a real oscillator,
the forcing (the last) term in eg. (7) can be complex (as observed
in eq. (8)), i.e., in addition to a restoring component, it also
has a component which can cause the oscillation amplitude to
continue to increase. Physically, as discussed in References 8 to
11, these two components represent (as may be evident from eq. (2))
a pressure change arising from respectively mass and enthalpy
changes in the two-phase region caused by a change in the subcooled
water flow at the inlet and outlet ends of each of the two-phase
regions. The mass change (related to the two-phase fluid
compressibility) has a restoring effect and, if it were to act
alone, would result in a damped (due to the presence of frictional
damping) flow oscillations. The enthalpy change can have a
destabilizing effect depending on the magnitude of the transit time
in the two-phase region.

SOLUTION OF CHARACTERISTIC EQUATION
Eqs. (7) are N coupled equations for the flow variations W*k.
The solution of eqs. (7), in the general case, will be studied
elsewhere. In this paper, the solution of eqs. (7) is obtained for
the case of N identical channels. This simplification provides
physical insight and is not too unrealistic since a real system of
multiple channels can have a group or groups of similar channels.
In any case, this solution, can be considered to be an
approximation to that of the real system.
For N identical channels, eqs. (7) predicts N oscillatory
modes for the channel and loop flows. These modes are found to be
as follows:
Mode 1

(9)

Wj = JL Ao

Mode 2

Mode 3

J

J=l.
yOAF]

eBt

W\- 0

(10)

Mode N-1
nr*

—

1

j=l,2

Wj - 0
Mode N

t

-A

r, - - A A, *«
A^ - 0

J-3,

,N

where A,, is an arbitrary amplitude. The complex frequency s in eqs.
(9) and (10) is given by the solution of:

(11)

G{8) s 32+ 2Wojvojs + NB = 0

where B is defined identically to that in eq.(8) with subscript k
dropped since the channels are identical.
In the mode 1 given in eq.(9), the variations in the channel
flows in a given pass have all the same amplitude and phase (and
are out-of-phase with those of the respective flows in the other
pass). (This result may not be generally valid for a system of
different channels.) In a given channel, the flow oscillation
amplitude decreases with the square root of the number of channels.
In the other N-l modes in eqs.(10), the flows in some of the
channels are steady. In the other channels, the flow variations
have the same amplitude and phase except in one of the channels. In
this one channel, the flow variation is 180° out-of-phase with those
in the other channels and has a magnitude equals the sum of those
in the other channels. Therefore, in the N-l modes in eq. (10), the
total (i.e., above-header or thermosyphoning) flow is steady.
Therefore, in these modes, the coolant in the channels continue to
flow in the forward direction.

PREDICTED FLOW STABILITY MAP
RD-14M does not have identical channels although the three
mid-elevation channels, see Figure 1 may be considered to be
similar. Nevertheless, the characteristic eq. (11) was used to
obtain a flow stability map for RD-14M under thermosyphoning
conditions. To do so, one of the mid-elevation channels was chosen
to be any one of the identical five channels in the model MMOSS.
The power-to-flow ratio for each of the channels in the model was
chosen to be the same as the total power-to-flow ratio in RD-14M.
The steady-state thermosyphoning conditions for the RD-14M loop was
generated using the model THERMOSYPHON (Reference 5 ) . (These steady
state conditions can also be taken from the experiments.) These
conditions were generated as follows. For a given pass power,
secondary side pressure, and loop integrated void, the loop flow
and primary side pressure were calculated using THERMOSYPHON.

A flow stability map was then generated as follows. For a
given steady-state condition, the characteristic function 6(s) in
eq.(ll) was evaluated and a Nyquist plot was used to determine
whether the flow was stable or unstable. (Nyquist plot is a plot of
the real versus imaginary parts of 6(s) as s traverses a semiinfinite contour enclosing the right half of the s-plane.)
Figure 5 shows the flow stability map generated as a function
of loop integrated void and secondary side pressure at 160 kW pass
power for RD-14M. The solid curve bounding the shaded region in
Figure 5 indicates the threshold conditions for oscillatory flow,
i.e., for the conditions on this curve, the flow oscillations would
be sinusoidal with constant amplitude. In the shaded region
bounded by the threshold (solid) curve in Figure 5, the flow
oscillations are unstable and grow in amplitude exponentially (and
in reality, to a limit cycle). In the unshaded region in Figure 5,
the flow oscillations are stable, i.e., any flow disturbance decays
to zero.
Figure 5 shows that, for a secondary side pressure above about
4 MPa, the flow is stable at all values of the loop void. At a
given secondary side pressure below this pressure, the flow is
unstable for a range of the loop void. This range is larger the
lower the secondary side pressure.
The crosses in Figure 5 show the flow stability threshold
conditions observed in the RD-14M two-phase thermosyphoning
experiments at 160 kW pass power. These crosses were obtained from
plots of pump discharge flows, such as those in Figures 2 to 4, at
the values of the loop void for which the observed out-of-phase
oscillations became self-sustaining, i.e. grew to a limit cycle of
significant amplitude (as in Figures 3b and 4b). (Note that at 4.5
MPa, the flow in the experiments was stable to out-of-phase
oscillations. At 1.0 and 0.1 MPa, only a few crosses are shown in
Figure 5 near the lower stability threshold boundary. This is
because, in the different experiments at a given pressure and
power, the flow oscillations started at about the same value of the
loop void.)
Figure 5 shows that the
lower boundary of the unstable
(shaded) region is reasonably well predicted. For the upper
boundary of the unstable region, MMOSS predicts that the loop void
at the stability threshold is larger the lower the pressure. This
trend is also observed in the experiments. Differences between the
predicted and observed value of the void on the upper stability
threshold boundary may be attributed to channel flow reversal as
discussed below.
In the experiments, flow reversal in a number of channels had
occurred at values of the loop void less than that at which the
thermosyphoning flow became stable (as observed in Figure 3b). The
channel flow reversal affected the loop thermalhydraulics and,
therefore, oscillation characteristics. In particular, the
thermosyphoning flow decreased (as in Figure 3b) as a consequence

of the channel flow reversal. The steady states predicted by
THERMOSYPHON and, therefore, the stability threshold predicted by
MMOSS do not account for channel flow reversal. (If necessary, this
difference between the predicted and experimental results for the
upper stability threshold boundary can be removed by using the
steady state conditions in the experiments.) However, the objective
of the model was to predict the lower stability threshold boundary
and thereby determine the conditions for stable flow. For these
conditions and at low pressure, the coolant in the channels
continue to flow in the forward direction. MMOSS predicts this
lower boundary reasonably well.

SUMMARY AND CONCLUDING REMARKS
This paper describes an algeraic linear model, called MMOSS,
developed to explain the mechanism and predict the conditions for
out-of-phase flow oscillations in a multiple-channel figure-ofeight CANDU-type loop under thermosyphoning conditions. A major
objective of the model is to predict the conditions for which
channel flow reversal would be precluded. Presently,.a generalpurpose model of a figure-of-eight system with a large (100) number
of channels is impractical.
MMOSS is derived from a simple generalization, to a loop with
any number of channels, of a previous model for a single-channel
per-pass figure-of-eight loop. To clarify the results and obtain
physical insight, the model was applied to a loop with any number
of identical channels in each pass. This system approximates a real
multiple-channel system since such a system has usually a group or
groups of nearly similar channels.
For a system of an arbitrary number (N) of identical channels,
the model predicts N oscillatory modes. In one of these modes, the
flow oscillations in the channels have all the same amplitude and
phase. This amplitude decreases with the square root of the number
of channels. Therefore, a system with a large number of channels,
such as CANDU, is expected to be more stable than one with a small
number of channels, such as RD-14M. Therefore, at low pressure, a
system with a large number of channels is less likely to exhibit
channel flow reversal. In each of the other N-l modes, the flow in
some of the channels is steady. In the other channels except one,
the flow oscillations have the same amplitude and phase. In this
one channel, the flow oscillations are 180° out-of-phase with those
in the other channels and have an amplitude equals the sum of those
in the other channels. Therefore, in these modes, the
thermosyphoning (i.e., the total) flow is steady and, at low
pressure, the coolant in the channels continue to flow in the
forward direction.
Using MMOSS, a flow stability map is generated as a function
of the secondary side pressure and loop integrated void for RD-14M
under thermosyphoning conditions. At 160 kW pass power, MMOSS

predicts a bounded region of unstable flow (Figure 5 ) . At lower
secondary side pressure, the range of the void for which the flow
is unstable is wider. Similar stability trends were observed in the
RD-14M experiments. Some differences between the predicted and
observed upper boundary of the unstable region at low values of the
loop void may be due to channel flow reversal. This reversal
occurred in the experiments but is not accounted for in the steady
states used in MMOSS. (If necessary, the above differences can be
removed by using the steady state conditions in the experiments.)
However, MMOSS predicts reasonably well the lower boundary of the
unstable region and, therefore, the conditions for stable flow and
for continued forward flow in the channels at low pressure.
In the future, the characteristic equation in MMOSS will be
solved for a system of N different channels. In particular, the
model will be applied to CANDU. Among other things, it is expected
that, for a system with different channels, the channel flow
oscillations in a given pass would not all have the same phase and
amplitude unlike that predicted for a system with identical
channels.
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ABSTRACT

Better understanding of the total residual chlorine (TRC) distribution and characteristics of water
flow in the open discharge channel is desired to identify a representative sampling location for
TRC in the cooling water discharge channel of a nuclear generating station. A three-dimensional
flow simulation for Bruce NGS A was carried out using a state-of-the-art computer code
MODTURC_CLAS. The results of this model are compared with data collected from a field
measurement at Bruce A discharge channel in the summer of 1993. This model can be used to
predict the characteristics of the discharge flows for various operating conditions of the station,
and to help optimize the selection of a representative sampling point for TRC in the discharge
channel.

1.

INTRODUCTION

Chlorination has been used in Bruce A and B Nuclear Generating Stations to deter zebra mussels
from infesting the service water systems in the stations. Sodium hypochlorite at 12% trade
solution is injected into the low-pressure service water inlet wells at each station during the
summer months. The Ministry of the Environment and Energy has allowed the application of
chlorine as an interim measure to protect the stations from zebra mussels. This is conditional
upon the total residual chlorine (TRC) being controlled at 0.01 mg/L before release into the lake.

Maintaining an effective TRC dosage to kill the zebra mussels and yet not exceed the discharge
limit under the changing operating conditions of the station, coupled with uncontrolled inlet water
quality, has not been easy. In 1993, the station decided to try intermittent chlorination according
to the recommendation of Ontario Hydro Research. This minimizes the usage of sodium
hypochlorite solution and still maintains the effectiveness of chlorine for killing the zebra
mussels. At the same time, a study was conducted to:

•

improve the understanding of the flow pattern and the TRC distribution in the discharge
channel under specific operating conditions,

•

identify a suitable method for locating a representative sampling point for TRC in the
discharge channel,

•

provide information related to neutralizing and mixing for the future design of a dechlorination system if required.

A state-of-the-art CFD simulation code MODTURC_CLAS was selected to simulate the hydraulic
behaviour of the discharge channel, using a complex three dimensional computational grid.
Validation of the MODTURC_CLAS model is achieved by comparing model predictions with
measurements from a field program involving data collection at the discharge channel in the
summer of 1993.

2.

DESCRIPTION OF THE COMPUTATIONAL MODEL AND SOFTWARE

MODTURCJXAS 111 is a computer code developed specifically to predict the temperature and
subcooling distributions in the moderator of a CANDU reactor during Loss of Coolant Accident
transients, but it is also suitable for solving a wide variety of three-dimensional, single-phase,
incompressible fluid flow problems. The code is based on a finite-volume discretization of the
conservation equations on a structured, boundary-fitted, non-orthogonal, curvilinear mesh. It
solves three-dimensional partial differential equations for mass, momentum, energy, and the
turbulent kinetic energy and dissipation, with all other variables being functions of these. The
governing equations solved by MODTURC_CLAS are the Reynolds-stress averaged NavierStokes equations. Turbulence diffusion is modelled using the well-known two-equation k-e
model121. In addition, MODTURC_CLAS is also able to predict the concentration of an arbitrary
number of passive scalar species in the flow. When zero chlorine consumption in the discharge
channel is assumed, the TRC can be treated as a passive scalar species. The energy equation is
not solved in this modelling because the temperature difference between the inlet flows is very
small and no significant thermal effects are expected within the discharge channel.
A non-orthogonal mesh is generated by the pre-processor software TASCgrid. Local grid
refinement can be achieved by grid embedding, that is replacing an existing grid region with a
finer grid. This is done by using another pre-processor called TASCbob3d. The most basic use
of TASCbob3d is to specify boundary conditions so that MODTURC.CLAS can be used to
obtain a flow prediction. However, many other functions can also be performed by TASCbob3d.
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Grid embedding is used to locally refine the grid where additional grid resolution is required.
Grid attaching connects any number of individual grids to form a new computational grid.
Block-off defines internal objects using a variety of object types, including solid and porous.
After a flow solution is obtained, a pre- and post-processor, TASCtool, can be used to review,
manipulate and display graphically the three-dimensional predictions.

3.

GRID GENERATION

The Bruce NGS A discharge channel is divided into three parts, (a) a closed rectangular duct
under the powerhouse (about 450 m long), (b) an open channel diffuser (about 100 m long), and
(c) an open elbow-shaped channel of constant depth (about 200 m long), with a dock attached
on the inside. Figure 1 presents the channel model covered with a finite-volume grid generated
for MODTURCJXAS.
Part (a) is a rectangular duct with constant cross-section (7.9 m wide and 5.5 m deep, Figure 2-a).
Part (b) is an open channel with a variable cross-section. The changes in the geometry are
depicted in Figure 2-b. At the end of the diffuser, the cross sectional dimensions change from
rectangular, 7.9 m wide and 5.5 m deep, to trapezoidal, 40 m wide at the top, 16 m wide at the
bottom and 5.5 m deep. The ratio of flow areas between the exit and the inlet of this part is
about 2.6. Part (c) is an elbow-shaped open channel with a trapezoidal cross-section. On the
inside, a dock is attached. As indicated in Figure 2-c, there is an exit duct expansion attached
to the channel exit. This serves as a modelling device for outlet boundary condition specification.
Details with respect to the boundary specification for this exit duct expansion are presented in
Section 4.
A computational mesh with a total of 55,000 nodes is used (Figure 1). The mesh design is based
on a spatial convergence stud/ 31 for a similar discharge channel (Bruce B) in which the mesh
with 36,900 nodes resulted in a spatially converged solution. Three parts of the discharge channel
grid were generated separately using TASCgrid. More nodes were distributed downstream of
Unit 2 to impose more accurate flow boundary conditions at each Unit 1 inlet surface and to
conserve inlet jet momentum (Figures 1 and 2-a). After the completion of each individual part
(parts a, b and c in Figure 2), the mesh for the complete discharge channel was formed by
connecting the three parts together using grid attaching in TASCbob3d.
The number of nodes used in the model of the Bruce NGS A discharge channel is about 50%
more than the number of nodes used in the Bruce B model of Reference 3. Therefore, the
solution is judged to be grid-independent.

4.

BOUNDARY CONDITIONS

There are four reactor units at the Bruce NGS A station. Each unit has three condenser cooling
water (CCW) flows and four low pressure service water (LPSW) flows discharging into the
discharge channel during full-power operation. The LPSW discharge openings are located on the
north bank of the channel, while CCW discharge openings are on the south bank of the channel.

The discharge flow of CCW and LPSW pumps for each unit may fluctuate due to the variations
of reactor operating power level and lake water temperature. The input data to the computations
are intended simulate the operating conditions on August 19, 1993 when field data on the TRC
concentration, flow direction and velocity were collected in the open channel area.
The individual inlet flow rates are obtained by using the actual number of pumps in operation at
each unit on August 19, 1993, and the design flow rate per pump. Units 1, 2 and 3 were
operating while Unit 4 was not in service during that day. The summary of the inlet flow rates
is presented in Table 1.

Pumps in Operation

Total Row

(mVs)

Chlorinated

Dilution

Unit 1
3 CCW pumps running at 12.9 m'/s each
3 LPSW pumps running at 1.5mVs each

38.8

4.5

Unit 2
3 CCW pumps running at 12.9 m3/s each
2 LPSW pumps running at 1.5 mVs each

38.8

3.0

Unit 3
2 CCW pumps running at 12.9 mVs each
3 LPSW pumps running at 1.5 mVs each

25.8

4.5

Unit 4
No CCW
1 LPSW pump running at 1.5 m'/s each

1.5

1 CSW1 pump running at 0.5 mVs each

0.5

1 CSW2 pump running at 0.2 mVs each

0.2

Total

14.2

103.4

Table 1 Inlet Flow Specifications for Bruce A Discharge Channel on August 19, 1993

The total water flow for the station at the time of sampling is assumed to be 117.6 mVs.
Chlorination is applied to 2 systems, LPSW and CSW1.
Since Units 2, 3, and 4 are located upstream and sufficiently far away for their individual flows

to mix well before entering the area of interest, the discharge flows from these units are
simplified in the model, while the Unit 1 discharges are modelled more accurately. The CCW
discharges for Units 2 and 3 are simulated as single inlets to the main discharge channel with
flow rates of 38.8 and 25.8 mVs, respectively. The inlets are placed at the middle CCW tunnel
for both units, and the inlet opening area is equivalent to the total cross-sectional area of all
effective CCW discharges within that unit. Similarly, the LPSW flows for Units 2 and 3 are also
modelled as single inlets to the main discharge tunnel with flow rates of 3.0 and 4.5 mVs,
respectively. Because of the small flow for Unit 4 and the location of the unit, this unit's
discharges are represented in a simplified way as an end boundary condition, i.e., a single flow
uniformly distributed across the initial channel cross section located between Unit 3 and Unit 4.
For Unit 1, all inlet flows are simulated individually. Three LPSW flows at 1.5 mVs each are
discharged from the 1.32 m diameter discharge pipes at a right angle to the flow. Three CCW
flows at 12.9 mVs each are discharged to the channel parallel to the axis. The CCW discharge
condition simulates the effect of the deflecting baffles at the CCW inlets at Unit 1. It should
be mentioned that all other units do not have these deflecting baffles at the CCW inlets. Figure 1
illustrates all inflows to the discharge channel model. It should be stressed again that the pump
flow rates assumed are design values that were not verified by measurement.
Preliminary calculations revealed the possibility of a backwash, i.e., recirculating flow at the
channel exit. To avoid specifying inflow conditions at the channel exit when recirculation occurs
in that region, an exit duct expansion indicated in the Figure 1 is employed as a modelling device
for outlet boundary condition. The outlet pressure profile at the expansion duct is specified as
non-uniform and is determined by the code. All surfaces except the bottom of this expansion
duct are specified as symmetry boundaries. All physical walls in the discharge channel are
specified as turbulent wall boundaries while the surface of the open channel is treated as a
symmetry boundary.

5.

RESULTS

The calculations were performed on a RISC/6000 Model 580 computer with 64 MB of memory.
Each iteration took approximately 180 seconds of CPU time. The solution converged after about
400 iterations with maximum residuals less than 2.6x10"* and the RMS (Root Mean Square)
residuals less than 4.1x10"* for all equations. The predicted flow pattern is shown in Figures 3
to 5 in the form of surface velocity components in three horizontal cross-sections at the depths
of 0 m, 2 m and 4 m, respectively. The predicted flow velocity in the middle of the open channel
is higher than on the two sides. The velocity profile is asymmetric with velocities generally
higher south of the centre line than north of it, and a maximum slightly south of the centre line.
Three recirculation loops are predicted on the surface. Two are near both banks of the diffuser
before entering the elbow-shaped region (one at each side), and one is in the dock region. At
the diffuser exit (Section A in Figure 1), the flow separation on the south side is stronger than
that on the north side. The solution is discussed in comparison with the results of field
measurements in Section 7.
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6.

FIELD MEASUREMENTS

Based on preliminary computational results for the discharge channel, a sampling grid was
established for field measurements. Four transects were strategically located along the Bruce A
open discharge channel. At each of the transects, five to eight sampling stations were equally
spaced across the width of the channel (Figure 6). Samples were taken at three levels of depth
for each sampling station, top (at 0.5 m from the surface), middle and bottom. A cable was
strung across the channel to provide anchorage for the boat and a reference point for the sampling
station locations. With the assistance of the motor on the boat and the cable, the boat was
maintained at a fixed position for the sample collection. Two samples were collected at each
sampling point using a hand pump with a suction line. The suction line was held at sampling
level by means of a lead anchor and a winch hoist These samples were analyzed immediately
for TRC at the dock. Flow directions and velocities were recorded by an ENDECO Digital
Recording Tethered Current Meter Type 174 complete with a data logger. This instrument has
accuracy of 1.6%.
Figures 7, 8 and 9 present the measured flow direction and velocities at the top, middle and
bottom levels of the open channel. Figures 10 through 13 show the speed and chlorine
concentration contours at cross sections 1 and 2 as specified in Figure 6. These contours are
generated by the Kriging and Global Variogram Model, a limnology component of database
software called RAISON*41. All these results are compared with model predictions in terms of

velocity profiles and chlorine concentration distributions in the open channel in the next section.

7.

COMPARISON AND DISCUSSION

The velocity measurement results illustrated in Figures 7, 8 and 9 are in very good agreement
with respect to local flow directions and relative speeds with the predicted flow pattern shown
in Figures 3, 4 and 5. The measured velocity profiles are asymmetric as predicted, with a
maximum in most cases just south of the centre line. The existance of the large recirculation
zone in the dock area is confirmed. The two smaller, narrow recirculation loops predicted at both
banks in the top half of the channel near the entrance to the elbow region (Figure 3) correspond
to measurement locations where velocities are small and of variable direction (Figure 7). No
recirculation is predicted in the bottom half of the diffuser (Figures 4 and 5). There is no flow
separation before cross-section B is reached. Between cross-section B and the exit, flow velocity
is higher near the south bank than near the north bank. Recirculation in the dock region reaches
to the bottom of the open channel. Figures 8 and 9 validate these predictions.
Figures 14 and 15 show flow speed (i.e, velocity modulus) contours predicted at sections A
and B, respectively. The shape of these contours matches the shape of contours drawn on the
basis of the field measurements (Figures 10 and 11). The maximum speed at Sections A and B
is about 13% higher than measured maximum speed at Sections 1 and 2. Estimated total
discharge flow is about 95 mVs based on the measured speed profile at Section 1 (Figure 10),
which indicates that the total flow rate assumed is about 25% too high. This is a significant
difference, but it was not deemed large enough to warrant a repeat of the simulation with a
corrected total flow. The total discharge flow volume was expected to be different from the flow
assumed in the inlet flow specifications (Table 1) in Section 4 because the flows through some
equipment are modulated by temperature control valves. The resulting flow through the station
depends on the operating point where the system loss curve and the pump curve intersect. In
addition, certain amounts of water taken into the plant are lost through pathways other than the
discharge channel. Thus, it is impossible to know the individual inlet flow rates during the
measurements accurately. It was not attempted to reduce all the inlet flow rates with the same
ratio and to repeat the simulation with a proper total flow, since the objectives of the simulation
were fulfilled, even with the flow discrepancy, through confirmation of the flow pattern and the
qualitative features of velocity and chlorine concentration profiles.
Figures 16 and 17 present the chlorine concentration distributions at Sections A and B. Since zero
chlorine consumption in the discharge channel is assumed in the model, the predicted maximum
chlorine concentrations in both sections are about 3.5 times higher than measured maximum
chlorine concentration. Comparison between Figure 16 and Figure 12 shows that the predicted
chlorine concentration distribution is similar in character to the measured results on the south half
of Section 1, i.e., it is low on the south bank and high in the centre. On the north half of
Section 1, however, there is a significant discrepancy between Figure 16 and Figure 12. The
measured chlorine concentration on the north bank is about 37% lower than the measured
maximum concentration, while the prediction indicates that the maximum chlorine concentration
on the north bank would be the highest in the cross-section. Since chlorinated flows are
discharged from the north bank and there is little mixing in the closed rectangular duct and the
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diffuser (Figures 3,4, 5,7, 8 and 9), an isolated low-chlorine-concentration area should not exist
on the north side of the diffuser exit. This could be caused by a shallow rock pile at the
transition from concrete side wall to gabion wall that exists but is not shown on the detail design
drawings and therefore was not modelled. Figures 17 and 13 have similar chlorine concentration
distribution patterns (i.e., high in the middle and low on the two sides).

8.

CONCLUSIONS

Bruce NGS A discharge channel flow simulations were carried out for a case in which three units
(Unit 1, 2 and 3) were operating, and compared with the results of field measurements. The
predicted flow patterns at the top, middle and bottom levels of the open channel and speed and
chlorine concentration contours at various cross sections are in good qualitative agreement with
the field measurement results. Three recirculation loops are predicted on the surface of the open
channel and verified by the field measurement results. The maximum speed in the open channel
is always attained on the south side, while the maximum chlorine concentration is always on the
north side.
This model can be used to predict the flow characteristics in the Bruce A discharge channel under
various operating conditions with confidence. The optimum locations for suitable sampling
devices can be determined using this model. This model could also assist a system designer in
designing a de-chlorination system if required in the future.
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ABSTRACT
Experimental results on the pressure drop, void fraction, and surface temperature were
obtained to study the effects of surface heating on frictional pressure drops under single- and
two-phase flow conditions in tubes heated by the Joule effect. The experiments were carried
out for pressures between 10 and 45 bars, using tubes of 13.4 and 22.9 mm I.D. for singleand two-phase flows under subcooled and saturated conditions up to CHF. The results have
shown that, as the imposed heat flux is increased, the frictional pressure drops decrease under
single phase flow conditions. However, for two-phase flow, they are seen to increase for low
qualities (under subcooled and saturated flow boiling) and decrease anew at higher qualities
with increasing heat flux.

INTRODUCTION
Despite the large number of studies carried out on the frictional pressure drop in twophase flow over the last few decades, most of the resulting calculation methods are essentially
limited to adiabatic flows. In single-phase flow, it has been observed by many investigators [1,2] that the effect of surface heating is to reduce the frictional pressure drop. This is in
large part due to the increase in the fluid temperature next to the heated wall thus causing a
local reduction in the viscosity and consequently in the shear stress. The effect of heating on
the frictional pressure drop in two-phase flow has been studied by only a few investigators.
Tarasova et al. [3], Pethukov et al. [4] and Miropolskii et al. [5] have shown the effect of
surface heating on the pressure drop in high pressure steam-water flows. They observed an

increase in the pressure drop for low quality flow (bubbly and slug flow) and a decrease in the
pressure drop for high quality flow (annular flow) as compared to the equivalent adiabatic
case. Leung et al. [6] examined the influence of the heat flux on the pressure drop in the CHF
and post-CHF regions at high pressures. They observed a decrease in the frictional pressure
drop in the post-critical heat flux region. Very few studies have been carried out on the
effect of surface heating on the frictional pressure drop in the subcooled and saturated flow
boiling regions at low and intermediate pressures. Under these conditions, it is very difficult
to separate the frictional and accelerational pressure drop because they have comparable
magnitudes. Furthermore, the latter component is very sensitive to the precision with which
the void fraction is determined. It is thus essential to have data collected simultaneously on
both the pressure drop and the void fraction in order to accurately evaluate the individual
components in the total pressure drop.

EXPERIMENTAL SETUP
The experimental results were obtained on the thermal loop [7] of the Institut de Genie
Nucleaire of Ecole Polytechnique under conditions of vertical upflow in 1.8 m long 13.4 mm
and 22.9 mm I.D. Inconel 600 tubes. The test sections were heated by the Joule effect using
a DC current. Thermocouples were spot-welded at the end of the heated length in order
to detect the onset of dryout. The differential pressures were measured at 14 locations, 10
of which were evenly distributed along the heated length (every 18 cm). The pressure taps
consist of 1 mm holes drilled in the tube wall and connected to the pressure measurement
system through pressure collars. The seal and the electrical isolation of the collars are
achieved by using a thin Kapton foil used as both the gasket and the isolator. This system
minimizes any perturbations in both the pressure and the electrical current passing through
the test section. A system is used to multiplex the pressure lines from the pressure collars to
a single pressure transducer. A schematic diagram of this system is shown in Figure 1.
The void fraction was measured at between 14 and 18 axial locations along the heated
length for the experiments conducted in the 22.9 mm I.D. tube and for 18 typical experiments
conducted using the 13.4 mm I.D. tube. The void fraction readings were obtained by the
Gamma-absorption technique which is described in Teyssedou et al. [7].

EXPERIMENTAL CONDITIONS
In single-phase flow, the range of experimental conditions was:
1000 < Mass flux < 11000 kg/m2s ,
0 < Heat flux < 3500 kW/m2 .

In two-phase flow, the experiments in the 22.9 mm I.D. test section allowed the subcooled
and the low-quality boiling regions to be studied. The range of experimental conditions was:
10 < Pressure < 45 bars ,
1000 < Mass flux < 4000 kgjm2s ,
0 < Heat flux < 1600 kW/m2 .
The experiments in the 13.4 mm I.D. test section allowed the saturated flow boiling region
up to CHF to be studied. The range of experimental conditions was:
10 < Pressure < 30 bars ,
4000 < Mass flux < 10000 kg/m2s ,
0 < Heat flux < 3500 kW/m2 .
DATA REDUCTION
. The frictional component of the pressure gradient is obtained by subtracting the gradients
of the pressure drop components due to gravity and acceleration from the total pressure
gradient:

The total pressure gradient is obtained by a curve fit of the pressure drop data and the
determination of the corresponding slope for each pressure measurement location.
In single-phase flow, for a vertical tube, the gravitational pressure gradient can be expressed as:

and the acceleration pressure gradient is evaluated using:

\dZja

" dZ \Pt)

'

(3)

where G is the mass flux and pt is the density of the liquid evaluated at the average mixture
temperature.
For the frictional pressure losses, the friction factor / is determined using the D'ArcyWeisbach equation:
/ J D \

/ O -r

» v

(4)

Using the pressure drop data obtained under adiabatic conditions and the equation of
Swamee and Jain [8] to correlate the friction factor to the roughness of the tube and to the
Reynolds number, it is possible to evaluate the relative roughness of the tubes.
In two-phase flow, the gravitational pressure gradient is evaluated using:

<. + ( l - a ) / * ) ,

(5)

where pv is the density of the vapour phase evaluated at the saturation temperature and a
is the cross sectional average void fraction evaluated at a given axial location. The pressure
gradient due to acceleration is determined using the separated two-phase flow model:
(dP\

„ , d ( x2

i\-xY

\

where x is the flow quality.
The models used for the calculation of the flow quality and the void fraction were chosen
for each tube by comparing the predictions to the experimental results for the void fraction.
For the 22.9mm I.D. test section, these results were obtained with an accuracy of 2.4% [7]
and are available for all the experiments. Furthermore, for the conditions under which the
experiments were carried out for this test section, the errors arising in the evaluation of the
frictional pressure drop due to the uncertainties in the void fraction are quite small. The
void fraction was thus chosen to be curve fitted by using a least squares minimization of the
following polynomial function:
(7)

l-o

where Oj and a^ are the coefficients determined by the least squares minimization and Zo is
the point of net vapour generation. Once the void fraction profile is known, the flow quality
profile is then determined using the void-quality relationship:

where 5 is the slip ratio (average vapour phase velocity to the average liquid phase velocity)
and is evaluated using the Ahmad correlation [9]:

(£) fir) •
\ 0.205 / ~

„

v

-.016

(9
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where fn is the viscosity of the liquid phase evaluated at the average mixture temperature. A
typical curve fit of the void fraction data for an experiment carried out in the 22.9 mm I.D.

tube is shown in Figure 2. The corresponding profile for the flow quality is shown in Figure 3.
A compaxison of the calculated and measured void fractions for all the experiments carried
out in the 22.9 mm I.D. test section is shown in Figure 4.
For the experiments carried out in the 13.4 mm I.D. test section, the void fraction was
measured experimentally with an accuracy of approximately 5 %. Further, in these experiments, the evaluation of the frictional pressure drop is very sensitive to errors in the void
fraction. Thus, the flow quality was evaluated using models available in the open literature.
To this end, the equations for the conservation of mass and energy were solved using models
capable of representing conditions of thermal and mechanical non-equilibrium. By comparing
with the available data obtained on this tube, it was found that a combination of Unal's
model [10] for the determination of the point of net vapour generation, the Rouhani and
Axelsson model [11] for the calculation of the flow quality, and the void-quality relationship
(equation 8) given under the following form:

a

=

xpt
xpt + S(l

-x)pv

and

5 = 1.1 + 1.9 x l O - 4 a ( ^ ) +F,
\PJ

(10)

with

F=

-2.5 a2 + a - .1
0
-3.11 a 2 -(- 4.35 a - 1.52

for 0.0 < a < 0.2
for 0.2 < Q < 0.7
for 0.7 < a < 1.0

determined by the authors, was the most appropriate and accurate method of obtaining the
void fraction for the range of experimental conditions covered in this study.
An example of the predictions for the flow quality and void fraction in the 13.4 mm test
section are shown in Figures 5 and 6 respectively. A comparison between the predicted and
experimental results for the void fraction is shown in Figure 7.
The results for the pressure gradients for the 22.9 mm and 13.4 mm I.D. test sections are
shown in Figures 8 and 9 respectively.
EXPERIMENTAL RESULTS AND DISCUSSION
Single—phase flow
The adiabatic single-phase flow experiments allowed the relative roughness of the 13.4 mm
and 22.9 mm I.D. test sections to be determined, they are .00004 and .00003 respectively.
Using these results in combination with the equation of Swamee and Jain [8], the adiabatic
friction factor, / o , has been calculated with an accuracy of 1 % over the entire range of the
experimental conditions studied. The diabatic friction factor, / j , was evaluated at the average

flow temperature, at each given axial location, obtained by using a simple heat balance. The
results for all the diabatic experiments are shown in Figure 10 in a similar form to the relation
developed by Sieder and Tate [12] that expresses the ratio of the friction factors, /<*//„, as a
function of the ratio of the viscosities:
-N

fa

\f*w)

(11)

where [if, and pw are the viscosities evaluated at the bulk (7j,) and wall (Tw) temperatures
respectively. The wall temperature is evaluated using an iterative technique based on an
energy balance and the equation of Pethukov [13]:
q' = h(Tw-Tb),

(12)

where
kt RePr U (t*b\U
Dh X 8 \fiw)
and
X = 1.07 + 12.7
where PT is the Prandtl number, Re is the Reynolds number and kt is the liquid thermal
conductivity, all of which are evaluated at the bulk liquid temperature. The parameter N
was determined by minimizing the error between equation (11) and the experimental results
using the least-squares method. The value of TV = 0.28 obtained in this research compares
very well with the value of 0.25 obtained by Maurer and Letourneau [1] and the value of
0.35 obtained by Dormer and Bergles [2]. This result indicates that there is a significant
influence of surface heating on the frictional pressure drop and that the observed trends
can be reasonably well represented by the variation of the viscosity evaluated at the wall
temperature. However, no direct influence of the Reynolds number, the change in liquid
density near the wall, the tube diameter, or of the bulk liquid temperature was observed.
Two-phase flow
The frictional pressure drop data under two-phase flow conditions is presented in terms
of the two-phase friction multiplier defined as:
(4E)

where the denominator is the single-phase pressure gradient calculated for the same bulk
temperature and mass flux as the two-phase flow conditions. Typical results are shown
in Figures 11 and 12 and in Figures 13 and 14 for the 22.9 mm I.D. and 13.4 mm I.D.
test sections respectively. In these figures, the two-phase friction multiplier is given as a
function of the thermodynamic quality for different imposed wall heat fluxes. It can be
observed that, under the conditions studied, the two-phase friction multiplier increases with
increasing qualities and heat fluxes in the subcooled and low-quality boiling regions. This
can be explained by the presence of an increasing number of bubbles on the tube wall with
increasing heat flux. This has the effect of increasing the apparent relative roughness of the
tube as well as reducing the flow area available to the liquid phase thus causing an increase
in the fluid velocity. An additional cause of the increase in the pressure drop in this region
is the irreversible pressure loss due to the increase in the interfacial drag.
In the region of qualities between 0.02 and 0.10, the effect of the surface heating on
the two-phase friction multiplier reduces with increasing qualities and heat fluxes. This can
be explained by the transition from bubbly (or slug) flow to annular flow, as predicted by
the Hewitt and Roberts [14] flow map. This results in a decrease of the interfacial area
between phases and thus a decrease in the interfacial friction. At qualities greater than 0.10
a decrease in <j>2 is observed with increasing heat fluxes. This is a result of a decrease in
interfacial area between the phases and by a decrease in the interfacial roughness of the liquid
film. This effect could equally be the result of a reduction of the liquid film thickness for the
same quality and an increase in the liquid film average temperature. The observed trends
are in agreement with those observed by Tarasova et al. [3] and Miropolskii et al. [5]. It
has been observed that in addition to the wall heat flux, the trends described above also
depend quite strongly on the mass flux, the pressure, the inlet subcooling, and on the tube
diameter. These parameters determine the structure of the flow which strongly influences
the irreversible pressure drops.

CONCLUSIONS
Experiments have been carried out, in the thermal loop at Ecole Polytechnique, in order
to determine the influence of surface heating on the frictional pressure drop under singleand two-phase flow conditions for low and medium pressures for conditions of subcooled
boiling up to CHF. In single-phase flow, a decrease in the frictional pressure drop has been
observed. The results were presented in terms of a correlation based on the ratio of the
viscosities evaluated at the bulk and wall temperatures. In two-phase flow, an increase in
the frictional pressure drop was observed to occur with increasing heat fluxes in the low
quality region corresponding to subcooled boiling as well as in the bubbly and slug flow
regimes. At higher qualities (annular flow regime), the inverse trend is seen to take place and
the frictional pressure drop decreases with increasing wall heat flux. The observed influences
of the surface heating on the frictional pressure drop are strongly dependent on the flow
conditions.
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Constant used in equation (7)
Hydraulic diameter (m )
Variable used in equation (9)
Friction factor
Mass flux (kg/m?s)
Gravitational acceleration (m/s 2 )
Heat transfer coefficient (W/m 2 °C)
Thermal conductivity (W/m °C)
Constant used in equation (10)
Pressure (N/m2)
Prandtl number
Heat flux ( W/m2 )
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1.

ABSTRACT

Single-phase, incompressible fluid flow skin friction factor correlations, primarily for CANDU
37-rod fuel bundles, were reviewed. The correlations originated from curve-fits to flow test data,
mostly with new fuel bundles in new pressure tubes (flow tubes), without internal heating.
Skin friction in tubes containing fuel bundles (noncircular flow geometry) was compared to that
in equivalent diameter smooth circular tubes. At Reynolds numbers typical of normal flows in
CANDU fuel channels, the skin friction in tubes containing bundles is 8 to 15% higher than in
equivalent diameter smooth circular tubes. Since the correlations are based on scattered results
from measurements, the skin friction with bundles may be even higher than indicated above. The
information permits over- or underprediction of the skin friction, or choosing an intermediate
value of friction, with allowance for surface roughnesses, in thermal-hydraulic analyses of
CANDU heat transport systems.

2.

INTRODUCTION

This is a review of the state-of-the-art of the single-phase flow skin friction factor correlations
for CANDU-type fuel bundles in a fuel channel. Such data are or could be used in various onedimensional thermal-hydraulic analyses of reactor primary heat transport systems. The available
methods of calculation of the skin friction coefficient in CANDU fuel bundles in a pressure tube
or flow tube were surveyed, and rational choices are recommended for improving and unifying
the predictive methods for channel pressure drops, remembering that the two-phase pressure drops
are also calculated using the single-phase flow resistances.
In the past, single-phase flow skin friction information for CANDU reactor fuel bundles, with
rods or elements arranged on concentric pitch circles, was not reported in a manner comparable
to that for the more-widely investigated PWR-type (pressurized water reactor) fuel bundles, with
uniform square or triangular arrays of rods. A comparison of ratios of friction factors of actual
flow geometry to equivalent diameter circular tube, not only brings out the errors of the
equivalent diameter-based friction calculations, but allows a clearer view of their differences and
making a choice among the alternative correlations.
The comparison for the CANDU-type fuel bundles on the above basis is also important for it
could show how well the CANDU fuel skin friction is calculated when compared with PWR-type
fuel calculations.

3.

SKIN FRICTION IN CANDU FUEL CHANNELS

The skin friction refers to the fluid shear stresses at a surface tangential to the flow. The rate
of fluid deformation due to viscous shear and momentum transfer is greatest in a thin boundary
layer at each surface of the flow passage; this gives the "skin" friction name. The shear and fric-tion is significant not only in the axial flow boundary layers, but also in any recirculating crossflows in the subchannels of a fuel bundle. Thus, skin friction for a nominally one-dimensional
flow along bundles includes the shear and momentum losses of any recirculating cross-flows. The
momentum losses manifest themselves in shear stresses which can be interpreted in a stream-wise
pressure drop. The single-phase one-dimensional pressure drop in a channel, without static pressure changes, is calculated as
L
pv2
A P = (f— + K)
(1)
D.
2
Here f is the D'Arcy-Weisbach form of the skin friction factor for a flow passage with length
L and constant flow cross-section. (Incidentally, the Fanning skin friction factor is a quarter of
the D'Arcy friction factor.) The resistance factor K is a "minor" or "form" loss coefficient (e.g.,
for bundle entrance and exit, junctions of bundles, and fuel appendages, like bearing pads and
spacers), p is the fluid density, v is the cross-section average flow velocity, and g is the
gravitational acceleration. The equivalent diameter is defined conventionally as:
De = 4 (flow area) / (wetted perimeter)

(2)

The overall momentum loss coefficient, the bracketed term in equation (1), can be determined
from velocity and test section end-to-end pressure drop measurements. Then the accuracy of the
calculated friction factor f depends on how well K is predicted. If the error of the sum of K
values were small, then isothermal flow skin friction factor predictions would still be accurate.
A more direct method of determining skin friction is to measure the pressure along the length
of a test section having uniform flow cross-section, where losses due to endplates and appendages
can be ignored. Then, along a constant slope of axial pressure variation, K«0 may be used in
equation (1) and a better skin friction factor can be calculated.
When a fuel bundle skin friction factor is to be used in thermal-hydraulic analyses, these analyses
might use K form resistances different from those used for the derivation of f from measured
pressure drops. To avoid such an uncertainty, it is best to use skin friction data that was
determined by the above slope method with K»0.

4.

AVAILABLE CORRELATIONS FOR CANDU FUEL BUNDLE FRICTION FACTOR

This review is concentrating on the CANDU 37-rod fuel bundles, and less on the CANDU 28-rod
bundles. These bundle geometries are described by Page (1976). From direct measurements on
CANDU and similar fuel bundles in new, nominally straight pressure tubes, with nominally fullydeveloped flows, there are at least five correlations of turbulent friction factor available:

Nylund, Becker, Eklund, Gelius et al. (1968) perfonned vertical flow tests with 37-rod Marviken
bundles, without spacers, but with uniform p/d= 1.565 ratio among 36 fuel rods, and a larger
central tie rod, in the Reynolds number range of 150,000 to 570,000. Their correlation was:
f = 0.2 / Re0 2

(3)

Bzovey performed tests between 1969 and 1973 with two 28 or two 37-rod tandem aligned
bundles in a short test-rig, and in 1974 with 12 bundles in a long test-rig, complete with all fuel
channel components. His and all subsequent CANDU bundle tests were in horizontal flow tubes.
Bzovey reported his test results in 1976. Hu (1974) used Bzovey's data from a preliminary
report to derive a skin friction factor correlation from the short-rig results for a range of
Re=305,000 to 680,000 for both the 28 and 37-rod bundles with the same correlation. Subsequently, Hu corrected the short-rig-based correlation with the long-rig results, and obtained:
f = 0.203 / Re 02

(4)

Aly & Groeneveld (1979) measured the skin friction on specially-made 1 m long bundles, with
37 bare rods, that is without intermediate endplates, spacers and bearing pads. These test bundles
simulated the skin friction in the cross-sectional geometry of 37-rod fuel bundles of the Bruce
CANDU reactors. The tests were performed at flows with Re=24,000 to 42,000. In CANDU
reactors at normal operation the Reynolds numbers are at least a factor of ten larger than in their
test range. Their skin friction correlation was:
f = 0.243 / Re0216

(5)

Liska (1982), using measured data for overall bundle loss coefficients of Waters, Scholz &
Young (1980), separated the skin friction term f*L/De from the form loss coefficients K for
junctions, spacers and bundle string entry and exit He recommended for bundle skin friction a
multiplier for an equivalent circular tube skin friction factor. This factor differed with
manufacturers of the bundles, even though the flow passages were nominally identical. Liska's
multipliers were stated to be constant over the Reynolds number range from 69,000 to 640,000.
The multiplier for CANDU 6 fuel bundles from different manufacturers, with a claimed small
error of about ±3%, was calculated:
General Electric Canada
Westinghouse/Zircatec
Combustion Engineering

0.969 (fuel rod diameters were at the allowed minimum)
1.077
1.083

Waters & Nome (1984) from their test results of over 350 data points obtained in wellinstrumented tests on 37-rod bundle strings in both cold and hot coolant in the Reynolds number
range of 10,000 to 600,000, derived the following correlation:
1/VT - 1.58 log10(Re/3.57)

(6)

A skin friction correlation which was not founded on tests of 37-rod CANDU bundles, but was
created by combining uniform lattice subchannel friction factor data from the literature was

reported by Barns, Hatton & Lucas (1981):
f = 0.132/Re 0152

(7)

Figure 1 shows the above correlations with a ratio
I bundle geometry

r, =

(8)
fequivalau diameter nnooth cacutav tube

of the friction factors based on data with unirradiated, mostly new, fairly smooth test bundles
(alas the surface roughness was not routinely reported) to that predicted for the friction factor of
equivalent diameter smooth circular tubes. Ratio r, is plotted against the flow Reynolds number.
Correlation (7) is not shown because it is much above the direct measurement-based data. The
Liska multipliers are also not shown, as they would be only horizontal lines.
The important finding from Figure 1 is that the measured friction factors, except with one of
Liska's multipliers, can be significantly (8 to 15%) larger than the equivalent diameter-based
smooth circular tube skin friction factors at Reynolds numbers typical of normal flows in
C ANDU reactors. The up to 8% deviation amongst the correlations (and the maximum deviations
would be larger when comparing the measured friction data points from the various tests), may
be partly due to uncertainties in the elimination of the bundle endplate, spacer and bearing pad
effects from the measured pressure drops. Only correlation (5) is based on long bare rod bundle
data, however at flows with Re<50,000. At normal operation in CANDU channels Re>500,000.

5. SKIN FRICTION CORRELATIONS USED IN CANDU THERMAL-HYDRAULIC CODES
A short survey was made of what skin friction data is used in the computer codes which are
employed for CANDU reactor primary heat transport system analyses in one-dimensional flow
simulations with fuel channel cross-section average flow conditions. In the most widely-used
thermal-hydraulic codes for CANDU licensing analyses (CATHENA, FIREBIRD, NUCIRC,
SOPHT, and TUF) for skin friction calculations the usual input is:
- the equivalent circular tube diameter; and
- an "average" absolute surface roughness weighted by the surfaces of the flow passage.
Whether the single-phase skin friction calculation is by default or optional, only textbook
correlations for circular tube friction are built in these codes: for turbulent flows the well-known
Colebrook-White correlation, and for laminar flows f=64/Re. CATHENA, SOPHT and TUF
codes also have built-in explicit correlations for a turbulent skin friction factor of smooth circular
tubes. None of these built-in correlations predict accurately the skin friction of a CANDU fuel
bundle in a pressure tube over the range of possible CANDU flow conditions. Only NUCIRC has
an input multiplier for the equivalent circular tube friction factor, that allows correction of the
skin friction for specific fuel bundle designs. Unfortunately, that multiplier is a constant input
rather than Reynolds number-dependent

When using the surveyed thermal-hydraulic codes, the surface roughnesses of the fuel rods and
of the pressure tube are input by a single absolute surface roughness for all the surfaces. The
"average" absolute roughness is sometimes taken as that of a new pressure tube, or of a new fuel
bundle or of some weighted combination of them. The skin friction is a function of the Reynolds
number and the relative roughness. The latter is defined as
absolute roughness
relative roughness =

e
=

equivalent diameter

(9)
De

For an equivalent diameter circular tube the effect of relative roughness is well known, but not
so for bundle geometries. For combined geometry and relative roughness effects, the smooth
equivalent diameter circular tube friction factor may be multiplied by Reynolds numberdependent correction factors, such as the bundle geometry-related r, ratio shown in Figure 1 and
the relative roughness-dependent r2 ratio for circular tubes shown in Figure 2:
r2 =

(10)
^smooth

The r2 ratio in Figure 2 is based on the Colebrook-White turbulent friction factor correlation for
circular tubes. There is no test data for surveying surface roughness effects in bundle geometries.

6.

CONCLUSIONS AND FUTURE APPLICATIONS

The present review of skin friction factors for one-dimensional analysis of, say 37-rod, CANDU
fuel bundles shows significant deviations from equivalent diameter-based smooth circular tube
skin friction data. Although the skin friction flow resistance may be only of the order of half
of the in-core channel overall flow resistance, the skin friction is still a major influence in the
thermal-hydraulic performance of a fuel channel.
Bundle pressure drop measurements usually include the joint effects of form resistances and skin
friction. Simultaneously measured and distinguished form and skin friction flow resistances for
a fuel channel with CANDU fuel bundles are not always available. Sometimes a thermalhydraulic calculation tries to tune the calculated overall channel pressure drop to a measured
channel pressure drop, by approximate apportioning of the flow resistances to entrance, skin
friction, bundle junctions, fuel appendages and exit effects. The apportioning error may affect
in-core Ap and critical heat flux calculations, therefore realistic skin friction factors are essential.
For nominally turbulent flows using the skin friction of the equivalent diameter smooth circular
tube is practically always a significant underestimation of skin friction for CANDU fuel bundles.
In new fuel channels with unirradiated CANDU 37-rod bundles the Waters & Nome correlation
represent an upper bound, and the Aly & Groeneveld correlation or the Liska multipliers represent the lower bounds of the skin friction factors. The Hu correlation seems to be near the
middle of the range. For 28-rod CANDU bundles more verification work would be needed. The

choice of the used correlation should depend on the purpose of a particular analysis (sizing of
pumps, prediction of critical heat flux, etc.).
Figures 1 and 2 provide data for assessing the Reynolds number-dependent skin friction. The tests
for skin friction-related measurements mostly used new test bundles and flow tubes, and surface
roughnesses were probably low or not too far from that of a smooth surface. Unfortunately,
surface roughness measurements before and after the tests were not routinely done. While the
surface roughness of test bundles might have been near to that of new production fuel, the
surface roughness in a reactor pressure tube is likely larger than in a tested flow tube. Assessing
test data and calculating in-core skin friction should be made with measured surface roughnesses.
There are several other phenomena, not reviewed here, that may affect the in-core single-phase
skin friction:
(a) There are no measurement-based correlations for low Reynolds number laminar skin friction
in CANDU fuel bundles; with other noncircular flow geometries there is evidence of deviations
from the equivalent diameter circular tube f=64/Re friction factor;
(b) There is no skin friction correlation for CANDU bundles with non-isothermal flow
conditions. To-date, for CANDU fuel only isothermal flow skin friction data were correlated,
although the flow cross-section average temperature-based skin friction may change due to spatial
variations of fluid properties in powered fuel channels;
(c) A systematic evaluation of the changes of surface roughness by component-specific
degradations, has not been reported (e.g., due to wear in different components, creep and
irradiation-induced aging of CANDU pressure tubes and fuel sheaths);
(d) Changes of flow cross-section geometry, due to pressure tube creep and sag, fuel deformations with burnup, and due to thermal expansion and pressure load-induced deformations, can be
accounted for in the Reynolds number calculations in any of the surveyed computer codes. Still
the effects of changed flow geometry, whether small or large, are not modeled in the available
skin friction factor correlations for in-core irradiated fuel channels with bundles;
(e) With future generations of very high burnup CANDU fuels there could be skin-friction
effects beyond those recognized for currently "normal" aging of fuel.
With regard to the surveyed computer codes in one-dimensional analyses, in macro-simulations
with cross-section-averaged flow friction factors, the codes would likely improve if they had
options for bundle skin friction correlations, including the existing "option" of equivalent circular
tube diameter-based skin friction, but enhanced with Reynolds number-dependent correction factors. One may multiply the equivalent diameter-based f^,,,^ by correction factors for bundle
geometry effects and for surface roughness effects, if these factors are independent of each other
f = Tj T 2 fnnoo«h circuhr tube

rcombiIied may also include effects not reviewed so far.

=

^MinbiDed ^moott c t a i h r tube

The main attraction for using a channel cross-section average skin friction coefficient for onedimensional studies is its calculational simplicity. When coolant pressure and flow distribution
in a fuel bundle cross-section is a critical consideration, then one could use computer codes with
subchannel simulation capabilities or computational fluid dynamics codes with multi-dimensional
micro-models. Their distributed skin friction modeling is beyond the scope of this paper.

7.
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1. ABSTRACT
Feedwater and condensate flow measurements have been performed on Units 2 and 4 of
Pickering Nuclear Generating Station as part of the program to explain a reactor thermal power
discrepancy on Unit 2 and to optimize electrical output after Unit 4 retubing. Flow
measurements have been carried out using the ultrasonic cross-correlation flow meter and the
chemical tracing technique. Results of feedwater flow measurements are compared to station
indications on Units 2 and 4 and to the deaerator mass-energy balance on Unit 4. Condensate
flows are also compared to the values obtained from direct nozzle pressure measurements.
Advantages and disadvantages of each technique are discussed and recommendations are made
on improving accuracy of reactor thermal power monitoring and optimization of the electrical
output.

2. INTRODUCTION
Maximizing gross electrical output within the licensed operating limits of the reactor depends
on the accurate measurement of reactor power. At Ontario Hydro nuclear generating stations,
the neutron power, measured by in-core neutron detectors and out-of-core ion chambers, is
calibrated against reactor thermal power obtained from Eully Instrumented CJQannels (FINCH)
on the primary side.
However, thermal power as measured by the FINCH'S is affected by fuel burnup, channel
fuelling, irrational readings of the flow and temperature. It is, therefore, regularly calibrated
by summing all principle heat sources and sinks around the unit (Figure 1). This calculation is
referred to as the unit heat balance. The actual procedure and frequency of performing the heat
balance varies from station to station. At Pickering NGS, the heat balance is performed bimonthly according to the following procedure.
• Ensure that the unit is in an equilibrium state (e.g., no power maneuvering or fuelling)
• All boiler blowdown flows are isolated
• D2O Storage tank level and Boiler levels are constant
• Data are collected for a ten (10) minute period, at one minute intervals

• Collected data are entered into an off-line PC-based program for processing and
calculation of Heat Balance reactor thermal power
• The result is used to calibrate the reactor power given by the ZOne Jhermal Power
Routine (ZOTPR).

An on-line version of the heat balance program based on a commercial data acquisition package
FIX/DMACS is in the final commissioning stages at Pickering NGS. Availability of the on-line
program will allow continuous monitoring of the reactor thermal power and unit thermal
performance and will vastly improve diagnostic capabilities of the Performance Engineer.
Of all the contributions to the heat balance by far the most dominant one is the power supplied
to steam generators, which comprises approximately 95% of the total reactor thermal power.
Steam generator power is determined from the amount of heat transferred to the steam/feedwater
system as follows:
P , - WaXH.,- H J + WrfCH*- H J
Where:
P,
AY*,
Wrf

is the power to steam generator;
is the total feedwater flow to steam generators;
is the reheater drains return flow to steam generators;
is the enthalpy of dry, saturated steam leaving steam generators;
is the feedwater enthalpy;
is the reheater drains enthalpy.

Since enthalpies are known accurately and reheater drains flow is typically less than 10% of the
feedwater flow, it is essential to be able to measure feedwater flow accurately in order to
determine reactor thermal power.
Although heat balance testing is currently in use at Ontario Hydro nuclear generating stations
to calibrate reactor thermal power, this method was not considered in the original design of the
CANDU plants. The feedwater flow elements, therefore, were not calibrated prior to
installation. Furthermore, the correct indication of feedwater mass flow rate can be affected by
instrument errors such as flow transmitter miscalibration, drift, or fouling of the flow elements.
Several methods are currently in use in the nuclear industry world-wide for periodic verification
of feedwater flow. Among the most popular are non-intrusive ultrasonic flow measurements,
chemical or radioactive tracing techniques, and the Deaerator Mass-Energy Balance (DAMEB).
All of these techniques have some advantages and disadvantages.
Of the three methods, the deaerator mass balance is supposed to be the most accurate (better
than ±0.5%) because it relies on readings obtained from calibrated instruments installed in the
Meld. However, this method assumes that the condensate nozzle calibration, usually done before
installation, is still valid at the time of the test. Experience with chemical and radioactive tracing
techniques indicates that these can be very accurate (between ±0.5% and ±1.0%) if there are
no leaks in the system and there is no flow diversion or flow bypass between injection and

sampling points. Accuracy of ultrasonic flow measurement technique strongly depends on piping
configuration and liquid temperature. It has been previously demonstrated [Ref. 1] that accuracy
of ± 1 % can be achieved with the cross-correlation flow meter if the flow profile correction
factor at the measurement position is known accurately.
In this paper, we describe feedwater and condensate flow measurements that have been carried
out over the past year on Units 2 and 4 of Pickering NGS as parts of programs to perform
turbine heat rate measurements after completion of Unit 4 retubing and to diagnose thermal
power discrepancy observed on Unit 2. Ultrasonic feedwater flow measurements were done
using the cross-correlation flow meter and compared to the results of Li-tracing measurements
on Unit 2 and to both Li-tracing and deaerator mass-energy balance results on Unit 4.
Condensate flow was measured ultrasonically, as well as using Li-tracing, and by reading the
pressure drop across the nozzle.
Feedwater flow measurements on Unit 2 showed excellent agreement between ultrasonics and
the average of Li-tracing results on each of the two feedwater pipes. However, there was
unexpectedly large scatter observed in Li-tracing data, which is not readily explainable.
Condensate flow measured by Li-tracing technique was about 4% higher than that based on the
nozzle pressure drop, indicating that the nozzle is possibly out of calibration. Ultrasonic
measurements of the condensate flow performed very recently agreed with Li-tracing results.
Unit 4 results show excellent agreement between the total feedwater flow measured ultrasonically
and by deaerator mass-energy balance (this technique does not provide data for individual pipes).
However, Li-tracing measurements show a 4% higher flow, which is attributed to the error
resulting from the net flow in the balance line between the two feedwater pipes. Condensate flow
measurements on Unit 4 based on the nozzle pressure drop and Li-tracing results are in very
good agreement.
To the best of our knowledge, the feedwater and condensate flow measurement program
undertaken at Pickering NGS was the first one of its kind done anywhere in the world. It
provided valuable data for a systematic evaluation of a number of flow calibration techniques
and resulted in the immediate increase in Unit 4 power output by about 3%. It also helped in
identifying possible causes for reactor power miscalibration and confirmed the importance of
regular calibration of the essential station instrumentation.

3. FLOW MEASUREMENT TECHNIQUES
3.1 Ultrasonic Flow Measurements
Over the past several years, annual feedwater flow calibration in Ontario Hydro nuclear plants
has been performed using an ultrasonic cross-correlation flow meter developed by Canadian
General Electric in the early 1980's. The main advantage of the ultrasonic technique, in general,
and of this meter, in particular, is that it is totally non-intrusive, and station measurements do
not require any changes to the unit configuration or any involvement on the part of station staff.
The cross-correlation flow meter was chosen over other existing transit-time ultrasonic flow

meters based on results of the tests performed at AECL and Ontario Hydro Research
Laboratories (presently, Ontario Hydro Technologies) in 1982. The principle of operation of the
cross-correlation flow meter and its advantages have been described elsewhere [Refs. 1,2]. The
block-diagram of the meter is shown in Figure 2. Briefly, the meter was chosen over the
competition because of its proven high temperature capability, ease of transducer installation,
and the high accuracy that was possible with the proper meter calibration.
Since the meter directly measures the fluid transit time using the turbulence patterns inherent in
the flow, the flow information is in the low frequency (10 - SO Hz) range. Therefore,
characteristics of the transducers, the pipe, the cables, and associated electronics cannot affect
the essential time delay information, which is used to measure the flow velocity.
The transit time measured by the meter must be multiplied by a correction factor to obtain the
true average transit time. This correction is necessary due to the fact that the fluid velocity is
not equal across the pipe. The ultrasonic meter measures the average velocity across a diameter,
whereas the true flow is an integration of the velocity over the whole pipe cross-sectional area.
The flow profile correction factor was obtained as a function of the velocity and the distance
from a 90° bend using the Ontario Hydro Technologies full scale pump test facility on 14" and
16" pipes and the National Research Council of Canada weighing tank facility on small diameter
pipes. The behaviour of the flow profile correction factor is shown in Figures 3 and 4.
The uncertainty in the flow profile correction factor is conservatively estimated at about .±0.6%
(2 standard deviations). Combining this uncertainty with the uncertainty in the pipe crosssectional area (±0.6%), meter repeatability (about ±1%), fluid density (±0.1%) and other
smaller contributions, gives an estimate of the meter accuracy for a single pipe of about ± 2 %
at 2 standard deviations. Since there are 2 feedwater pipes at Pickering NGS or 4 feedwater
pipes at Bruce and Darlington NGS, the total feedwater flow can be measured with an accuracy
of close to ± 1 % .
An alternative approach to deriving the meter accuracy, as far as the total is concerned, is based
on comparison between ultrasonic flow measurements and results of a more accurate method
such as the DAMEB. Such a comparison is given in Table 1. The mean and standard deviation
of the data given in Table 1 are -0.11 % and 0.68 %, respectively, which is well within the meter
uncertainty obtained from the error analysis.
3.2 Chemical or Radioactive Tracing Technique
This technique is based on the fact that the flow rate within a piping system can be measured
by detennining the dilution of the tracer when it is injected into the pipe and by knowing the rate
at which the tracer is being injected. The conservation of tracer mass requires that

where
M,,
X,
M,t,
Xfe

is the mass flow rate of the injection pump
is the concentration of tracer being injected into the flow stream
the mass flow rate downstream of the tracer injection point
the concentration of tracer downstream of the injection point

Solving for M

*,,

Since the tracing method provides a direct measurement of mass flow, rather than through flow
velocity, errors in pipe dimensions and in the flow profile correction factor have no effect on
the accuracy of this method. Therefore, this method can in principle be used to calibrated the
ultrasonic meter in situ, and thus improve its accuracy by eliminating contributions to the meter
uncertainty from the pipe crossectional area and from the velocity profile correction factor. On
the other hand, successful application of the tracing method to feedwater flow measurements
requires not only extremely uniform tracer injection and very accurate measurements of tracer
concentration but also a carefully controlled test to eliminate or at least minimize possible
alternative flow paths such as leakages or flow diversions.
There have been numerous applications of this technique in nuclear plants around the world.
ABB Combustion Engineering was chosen to perform chemical tracer tests at Pickering NGS
because of their track record in obtaining very accurate estimates of feedwater and condensate
flow (±0.5% or better) and their use of lithium as a tracer. Unlike sodium, lithium is a very
"benign" substance from the point of view of boiler chemistry. On the other hand, radioactive
tracing, although potentially even more accurate than chemical tracing, involves much more
effort on the part of station staff and has not been used as widely. There is presently a COG
program under way to evaluate the method developed by AECL, which uses radioactive
phosphorus as a tracer.
3.3 Deaerator Mass-Energy Balance
This method for evaluating feedwater flow is not as direct as the first two in that the flow is
calculated from the conservation of mass around the deaerator by adding up all the flows into
the deaerator. Figure 5 illustrates interrelation between various flows that are measured in a
DAMEB test and provides a reference for a discussion of the results below. The method is
normally used as part of a turbine heat rate or a similar ASME PTC-6 type test, which is the
basis of a full Heat Rate Test When done according to ASME recommendations, DAMEB can
provide feedwater flows to within ±0.5%. However, to satisfy ASME recommendations, the
nozzle must be calibrated before the test and inspected after the test. Orifice plates also should
be calibrated or at least inspected.
In real situations, the condensate nozzle is usually calibrated before installation but could be
subject to deterioration after years of service. Condensate flow is typically about 80% of the
total feedwater flow; other flows are usually measured using uncalibrated orifice plates, which
also adds to an overall error of this method.

4. PICKERING NGS MEASUREMENTS
Over the past several years Pickering NGS has been in forefront of implementing thermal
performance monitoring programs and maximizing unit electrical output. As part of this
program, annual feedwater flow calibration has been performed on all eight units. Station

feedwater instrumentation consists of elbow taps on the four units of PNGS-A and of
uncalibrated nozzles on the four units of PNGS-B. Feedwater flow calibration factors, as
obtained from the comparison of ultrasonic flow measurements with station readings, vary from
0.96 for some PNGS-B lines to 1.05 for some PNGS-A lines.
In order to increase accuracy of ultrasonic flow measurements it was decided early in 1992 that
the chemical tracing method should be used to provide in situ calibration of the ultrasonic flow
meter. Units 2 and 4 were chosen and ABB Combustion Engineering were contracted to perform
lithium tracing measurements. Unit 2 was chosen because of an increase in ultrasonically
measured feedwater flow observed in October 1992. On the other hand, Unit 4 had just
undergone retubing and rehabilitation, including a change in the design of the low pressure
turbine blades. Prior to shutdown, Unit 4 thermal performance was rather poor; therefore, a heat
rate test had been scheduled to be performed after unit startup.
Because of importance of the condensate flow for turbine heat rate testing and low incremental
cost it was decided that condensate flows would also be measured using lithium tracing
technique. These measurements would then provide a way of calibrating condensate nozzles.
Unit 2 measurements were performed in January of 1993 and were repeated in April of 1993,
immediately following Unit 4 measurements. Simultaneously with lithium tracing measurements,
ultrasonic feedwater flow measurements and measurements of the pressure drop across the
condensate nozzle were performed. To understand the observed significant discrepancy between
tracing and nozzle pressure drop measurements of Unit 2, ultrasonic measurements of the
condensate flow have also been completed recently. Results of condensate measurements for
Units 2 and 4 are summarized in Table 2; results of feedwater flow measurements using the
three techniques described above and their comparison with station readings are given in Table
3 and 4 for units 2 and 4, respectively.
The first thing that is clearly noticeable in Tables 2-4 is mat standard deviations of lithium
tracing data are quite high in comparison with standard deviations of station data, and, in fact,
are significantly higher that had been observed in ABB Combustion Engineering tests in other
nuclear plants. It was argued [Ref. 3] that the most probable cause of the high scatter in test data
was inadequate mixing of the tracer within the measured lines. It was further argued that the
inadequate mixing is due to the fact that, unlike other tests, in Pickering tests the tracer was
injected just upstream of tees, at which the condensate splits into two feedtrain paths (see
Fig. 5. The turbulence created by the tees caused uneven splitting of the tracer between the two
flow paths. Thus, when the flows from the separate paths were brought together, the difference
in the tracer concentration between the two legs was too great to provide a homogeneous mixture
upstream of the sample point. As a result, the concentration variation between samples caused
higher than normal scatter in the data. We consider this a plausible explanation.
In an attempt to reduce the observed standard deviation, Unit 2 measurements were repeated
following the Unit 4 test in April 1993. To maximize mixing in the condensate line the tracer
was injected into each leg just downstream of the tee. Flow meters were installed in the injection
line to assure that equal amounts of tracer would be injected into each leg. As results shown in
Tables 2 and 3 indicate, standard deviations in the April test are substantially lower than in the
January test.

4.1 Condensate Flow Measurements
In order to understand the significance of the results summarized in Table 2, we would like to
emphasize once again that the condensate flow nozzle is the most accurate flow measuring
instrument available at the plant. It is, therefore, not surprising that there is excellent agreement
between I i tracing results and nozzle pressure readings for Unit 4. On one hand, it demonstrates
the ability of the tracing technique to provide the average value of the flow with high accuracy,
in spite of a rather high standard deviation. On the other hand, it confirms that the condensate
nozzle calibration, performed over twenty years ago, is still valid.
However, there is a large discrepancy (about 4%) between Li tracing results and Unit 2 nozzle
pressure drop readings. A similar discrepancy was observed in both January and April tests
(3.3% and 4.5%, respectively). The first explanation for this discrepancy that comes to mind
is that either there must have been a problem ensuring complete mixing of the tracer in Unit 2
condensate, which resulted in an inaccurate average condensate flow, or there is a flow diversion
in the feedwater heater train, which results in an overestimate of the condensate flow. However,
another possibility is that there has been erosion of the flow nozzle.
In order to resolve this discrepancy, it was decided to perform ultrasonic measurements of the
condensate flow. Because of delays encountered at the station, measurements were only
completed in the beginning of April, 1994. Measurements were performed on both units,
however, results shown in Table 2 are only for Unit 2. The reason that Unit 4 ultrasonically
measured condensate flow is not given can be understood as follows. As discussed in Section
2, the accuracy of ultrasonic flow measurements is sensitive to the piping configuration and the
flow regime. The only convenient location on the condensate pipe for doing ultrasonic
measurements was found to be downstream of the nozzle, about 6 diameters downstream of a
90° bend (condensate pipe diameter is 20"). Under these conditions, the flow is not fully
developed, and, therefore, flow profile correction factor is not known to the same degree of
accuracy (see Fig. 3). However, the fact that Unit 4 condensate flow is known accurately
allowed us to calibrate the ultrasonic meter for that specific piping configuration. In fact,
comparison between Unit 4 condensate flow measured ultrasonically and nozzle pressure drop
readings resulted in the flow profile correction factor 1.003, which is very close to the value that
one would obtain from the calibration curve shown in Fig. 2 for 6 diameters downstream of a
bend.
This flow profile correction factor was then used to derive the final values of Unit 2 condensate
flow measured ultrasonically. As one can see in Table 2, the same discrepancy is observed
between ultrasonic condensate flow measurements and nozzle pressure drop readings as was
earlier found in lithium tracing tests. Therefore, these findings suggest that the condensate nozzle
pressure drop readings are inaccurate, possibly due to nozzle deterioration.
4.2 Unit 2 Feedwater Flow Measurements
One can see from Table 3 that there is excellent agreement between ultrasonic and lithium
tracing measurements observed in both January and April tests. Standard deviation of tracing
data was substantially lower in April than in January, indicating that there was better tracer
mixing. The overall correction factor for Unit 2 seemed to vary between about 4% in January

and about 3% in April. This correction factor is consistent with the observed condensate flow,
which is also between 3% and 4% higher than the nozzle pressure drop indication.
4.3 Unit 4 Feedwater Flow Measurements
Unlike Unit 2, there is a large discrepancy between ultrasonic and lithium tracing results from
Unit 4. However, in this case there is a third measurement of the total feedwater flow available
from the DAMEB [Ref. 4]. Since Unit 4 condensate nozzle calibration was confirmed by tracing
measurements, feedwater flow obtained from DAMEB should be very accurate. The fact that
the total feedwater flow measured ultrasonically agrees with the DAMEB result to within 0.2%
indicates that there was a problem with the feedwater tracing test on Unit 4.
The problem has been attributed [Ref. 3] to the presence of a cross-connect line between the two
feedwater lines. Since the injection point was upstream of the cross-connect, a portion of the
tracer could migrate from the higher pressure to the lower pressure line. In this situation, the
tracer measurement of the flow in the lower pressure line would still be correct because none
of the tracer would be lost. However, for the higher pressure line, a portion of the tracer would
be lost which would cause the flow measurements to be higher than the actual flow. This
explanation may be valid for the measured flow in the West line In fact, if the flow in the West
line, based on the tracer measurements, is adjusted proportionally to the square root of the ratio
of differential pressures (about 130 kPa), the flow will decrease by about 1S.8 kg/s, and will
bring the flow in the West line in close agreement with ultrasonic results. On the other hand,
this explanation is not valid in the case of the discrepancy observed in the East line flow. This
discrepancy can only be explained by the loss of the tracer somewhere in feedwater heaters.
Based on the value of the total feedwater flow measured ultrasonically and by Deaerator MassEnergy Balance, changes to the flow correction factors used in the Heat Balance program were
made. This allowed Unit 4 reactor thermal power and its electrical output to be increased by
about 3%.

5. CONCLUSIONS
Systematic feedwater and condensate flow measurements have been performed on Units 2 and
4 of Pickering Nuclear Generating Stations using three different methods. The measurements
provided a unique opportunity to evaluate the accuracy and consistency of the three methods and
identified possible sources of error in each of them. The most important outcome of Pickering
NGS testing program has been a 3% increase in Unit 4 output and identification of possible Unit
2 condensate nozzle deterioration. Correct calibration of the condensate flow nozzle must be
ensured prior to any evaluation of the unit efficiency and optimization of the unit electrical
output. Further work is required to determine the most appropriate method for the condensate
nozzle calibration.
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TABLE 1
COMPARISON BETWEEN ULTRASONIC FLOW MEASUREMENTS OF THE TOTAL
FEEDWATER FLOW AND DAMEB
Station/Unit

Date

(Wm-WiMjaBBj/WuxjOT

Brace NGS-4

March 84

+0.8%

Brace NGS-6

April 85

-0.3%

Brace NGS-3

April 86

-0.3%

Brace NGS-4

January 87

-0.3%

Brace NGS-3

October 87

+0.2%

Brace NGS-8

October 87

-1.1%

Pickering NGS-3

January 88

+ 1.2%

Brace NGS-2

January 91

-0.4%

Pickering NGS-4

April 93

-0.2%

Brace NGS-3

April 93

-0.7%

TABLE 2
RESULTS OF CONDENSATE FLOW MEASUREMENTS
Nozzle Press. Drop
Flow
Mean
(kg/s)
Unit 2

Unit 4

Li Tracing

Ultrasonic
Flow

Flow
Sigma
(%)

Jan 93

586.6

Apr 93

597.8

Mar 94

486.5

Apr 94

589.9

0.54

Apr 93

585.0

0.46

Mar 94

601.4

0.33

0.36

Ratio

Mean
(kg/s)

Sigma
(%)

606.0

5.97

1.033

624.8

1.74

1.045

587.0

2.58

Ratio

Mean
(kg/s)

Sigma
(%)

503.1

0.92

1.034

611.3

0.79

1.036

599T

1.21

1.003

1.003

* Uncorrected for flow profile effects. The ratio is used as the flow profile correction factor in Unit 2
measurements.

TABLE3
RESULTS OF UNIT 2 FEEDWATER FLOW MEASUREMENTS
Station Ind

Jan 93

Apr 93

I i Tracing

Ultrasonic

Mean
(kg/s)

STD
(%)

Mean
(kg/s)

STD
(%)

Ratio

Mean
(kg/s)

STD
(%)

Ratio

East

373.6

1.09

387.2

5.05

1.036

388.0

1.28

1.039

West

376.9

1.04

397.4

7.36

1.054

397.9

1.13

1.056

East

366.2

1.86

374.7

3.10

1.023

375.0

1.73

1.024

West

375.1

1.22

388.9

3.00

1.037

389.7

1.34

1.039

TABLE4
RESULTS OF UNIT 4 FEEDWATER FLOW MEASUREMENTS
Station
Indication

Li Tracing

Ultrasonic

Flow

DAMEB

Flow

Mean
(kg/s)

STD
(%)

Mean
(kg/s)

STD
(%)

Ratio

Mean
(kg/s)

STD
(%)

Ratio

Flow
(kg/s)

Ratio

East

358.0

2.31

371.7

2.16

1.038

361.2

1.76

1.009

-

-

West

369.0

1.15

387.1

6.16

1.049

377.5

1.46

1.023

-

-

Total

727.0

-

758.8

-

1.044

738.7

-

1.016

739.8

1.018
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1.

ABSTRACT

Difficulties in reactivity calculations in coupled reactor systems are consequences of different
neutron spectra in coupled (fast and thermal) reactors and magnified localized effects. An
attempt to apply a new model, modified space-independent reactor kinetics with space
dependent feedback reactivity in an adiabatic approximation, in accident analysis of 'HERBE'
fast-thermal coupled core at the 'RB' critical assembly in the 'VINCA' Institute is presented
in this paper. The advantages of this 'local model' over the usual space-independent reactor
kinetic model with core-averaged temperature feedback parameters ('isothermal model') are
shown as results of calculation by new computer code.

2.

INTRODUCTION

The accurate determination of reactivity changes caused by temperature or density feedback
from the fuel, coolant or moderator (or other core components) is sometimes quite difficult,
since the feedback effects depend not just on the core-averaged values of the feedback
variables, but on their distribution through the reactor core. And, moreover, if the feedback
effect is strong and localized, it may lead to substantial changes in the spatial distribution of
the neutron flux. The usual space-independent model of reactor kinetics with core-averaged
feedback parameters can offer a good deal of physical insight into the nature of the reactivity
feedback. Such representation is satisfactory if two simple assumptions are valid: (a) the
feedback variables can be separated as independent functions of space and time, and (b) the
reactivity feedback causes no significant changes in the spatial distribution of the neutron
flux. For example, this model is valid in those thermal reactors for which the coolant serves
as the moderator, but if the moderator and the coolant are separate, the independent
representation of the coolant and the moderator feedback reactivity must be included in the
model.
Even if the core-averaged model of reactivity feedback effects is satisfactory, a fair amount
of algebra is required to get from the local reactivity feedback data to the core-averaged
feedback model. In the event that either of the assumptions mentioned above is no longer
valid, adequate modelling of the feedback becomes considerably more important (and more
difficult). This is particularly true for the transients where the localized changes in

temperature or density are important. An example of the needs for this model is the safety
analysis, presented in the paper, to estimate the reactivity effect resulting from extremely
localized perturbation as the fast core flooding accident in the coupled fast-thermal reactor.

3.

THE COUPLED FAST-THERMAL CORE 'HERBE'

The 'HERBE' is new coupled fast-thermal core [1] at the 'RB' reactor in Vinca Institute
designed by minimum modification of existing reactor systems and using available nuclear
fuel elements. The purpose of the 'HERBE' is to simulate, as close as possible, neutron
spectra in diverse fast reactors. A brief description of the coupled fast-thermal core
'HERBE', with the aim to facilitate understanding of the process of the fast core flooding
accident, follows.
Fast region of the 'HERBE' is formed as three-zone system in the centre of the 'RB' reactor.
The central zone is 'fast core' (FC) designed from the 'RB' natural uranium fuel elements
placed in the first aluminum tank (200/202 mm diameter) with axial vertical experimental
channel (VCH). This fast core is surrounded by 'neutron filter zone' (NFZ) designed from
Cd foil (1.6 mm thick) and natural uranium fuel elements placed in the second aluminum
tank (300/302 mm diameter). 'Neutron converter zone' (NCZ), which surrounds the FC and
NFZ, is formed from 80% enriched UO2 fuel elements placed in third aluminum tank
(400/408 mm diameter). Each aluminum tank is closed at the bottom and waterproof and
there is no any moderator in the fast zone. Total height of the fast zone is 139 cm.
Horizontal cross section of the 'HERBE' fast region is shown in Figure 1.
The 'HERBE' thermal core (driver) is designed from 44 'RB' fuel elements with
enriched UO2 placed in 12 cm square lattice pitch of heavy water. A coupling zone between
fast and thermal region is formed by 7 cm thick heavy water. Reflector of heavy water
surrounds thermal core in the 'RB' reactor tank (100/101 cm diameter). Horizontal cross
section of the RB reactor with the 'HERBE' coupled fast-thermal core is shown in Figure 2.
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Fig. 2. The RB reactor horizontal
cross-section with the HERBE fast core

4.

DESCRIPTION OF NEW MODEL

In proposed quasi-space-dependent kinetics model equations of kinetic behaviour of neutron
population and delayed- and photo-neutrons are the same as in space-independent ('point
kinetics') model. Prompt neutron generation time in the whole coupled system is defined as
A=l7k(t), what with relation k(t) = l/(l-p(t)) gives: A(t)=l*(l-p(t)). Power change from the
reactor stationary power conditions without external neutron source (described by:
P(t=0)=P 0 , WUQ = Wft=0) = P./o/X^A, p(t=O)=O and Sext>efl(t=O)=O) can be written, in
space-independent one energy group model, by kinetic equation for total fission power in the
reactor (P(t)=P0+<5P(t)):

p +

i'NGDN

w E W)

(1)

Change of the equivalent power of the NGDN groups of delayed neutrons and photoneutrons
W,(0 = W,(0) + 6 Wt(t) is described by
'
dt

-

'
P(t) - XJVJ®, i=l,...,NGDN
/'(1-P(O)

(2)

where the variables and kinetics constants have usual meanings. Total generated energy
during the accident is an integral over time of the power variation:
bP(i)dt
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In core-averaged model the equations for temperature changes of fuel and coolant are given
by averaged temperatures and averaged (isothermal) variables. But in the 'HERBE' coupled
fast-thermal core model these equations are space (zonally) dependent (in radial direction)
as well as the temperature coefficients of reactivity (TCR). The appropriate equations for
changes of temperatures of the fuel, coolant and moderator are set according to various fuel
type (U metal or UO2 dispersed in Al), geometry (full rod or annular cross-section) and
coolant / moderator (D2O or air) used in 'HERBE' design. The same model (zonally -in
radial direction space dependent) is proposed for reactivity changes due to possible void
(steam) generation in the coolant and moderator.
The equation for average temperature of natural uranium fuel (full cylindrical rods in Al
cladding in the fluid), in reactor radial zone (superscript z) is:

()^()()

l ) l [ f t J )

fcf

while the appropriate equation for moderator temperature (index m) is:

(4)

(5)
dt
The last equation is valid until the moderator temperature does not reach the saturation
temperature Ts m, after which it remains constant because the generated heat is converted to
'latent heat' used for fluid boiling: d(STm(t))/dt=0.0 and Tm = T 5m .
Enriched fuel element in the 'HERBE' system (placed in the thermal core and in the neutron
convenor of the fast core) has complex geometry. Its horizontal cross-section is shown in
Figure 3.
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The enriched fuel has a shape of an hollow
cylinder.
It is cooled by coolant inside (index
D2D MODERATOR
cl, or MOD_1) and outside (index c2, or
MD
M0D_2) and is surrounded by moderator
MDD_2
(index m). In the case of the 'RB' reactor
thermal core there is no forced cooling. The
coolant inside and outside enriched fuel
(separated by Al channel from the outside
moderator) is the same D2O as it is the
Al/CHANNEL
moderator
of the thermal core and reflector. The
SCREEN
inside zone of the coolant 1 (MOD_1) with Al
CLADDING
screen and surrounded coolant can be separated
in equations as an.independent zone (index i). In
the neutron converter zone of the 'HERBE' fast
core, the enriched fuel is placed in the air
Fig. 3. Horizontal cross-section
(MOD_1, M0D_2 and remaining part of the NC
of the HERBE enriched fuel
zone surrounding the fuel's Al channels).
The equation for the average temperature of the enriched fuel, in the reactor zone z, is given
by:

w*

m c

ff

(6)

Change of the average temperature of the 'coolant 1' in the reactor zone z, (before it reaches
the saturation temperature) is given by
(7)

The equation for the inside part of the coolant 1 (index i) in the reactor zone z (before it

reaches the saturation temperature) is given by
(8)

«,v

The 'coolant 2' temperature in the reactor zone z (before it reaches the saturation
temperature) is given by differential equation
(9)
m

C

c2 c2

The similar differential equation for the moderator temperature, in the reactor thermal core,
assumed to be zonally independent due to the high total heat capacity, is given by
(10)

*

(**)„

The variables in the equations given above are represented by usual symbols: T for
temperature, t for time, and the K for heat transfer coefficient through the equivalent total
surface S. All heat transfer coefficients, mass (variable m) and corresponding heat capacities
(c) of the fuel (including cladding), coolants and moderators are temperature dependent.
Total reactivity change during coupled cores reactor dynamics is a sum of three independent
reactivities: external (space dependent) reactivity, reactivity of the reactor safety system and
feedback (temperature and void) reactivity:
= Pjt)

* PSS(.t) + Pi(t) + Py(t)

(11)

The external reactivity is one that is induced independently of the reactor control system
resulting in a fast power change. It depends on cause of particular accident and it is
represented by reactivity-time function given by an analytical or a table dependence.
In this new 'local model' the temperature and steam void feedback reactivity parameters are
assumed to be space (zonally, index 'z'), fuel ( T ) and coolant ( ' c l \ 'c2') type dependent:
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These space-dependent reactivity feedback parameters - temperature and void coefficients
(TCR and VCR) are introduced here for the first time [2]. The TCR for the 'HERBE'
coupled fast-thermal system are calculated using lattice cell and reactor computer codes
DENEB [3], AVERY [4] and GALER [5] with multi-group constants library VESNA-LIB
based on BNAB-78 library in 24 energy groups in fast neutron range [6] and 20 energy
groups based on ENDF/B-IV library in thermal energy range. For that purpose the thermal
core of the 'HERBE' system is divided in two radial zones. The results of the TCR
calculation are given in Table 1 (note: 1 pcm = 1 10~5 Ak/k). Some of these data are
experimentally verified [7].
Table 1. The calculated local and isothermal TCR in the 'HERBE' radial zones
'HERBE' radial zone/medium

dp/dT [pcm/K]

FC - fuel: natural U

-0.06

NF - fuel-, natural U

-0.23

NC - fuel: enriched UO2 in Al

-0.05

Inner reflector D2O

-0.05

Thermal core 1
fuel: enriched UO2 in Al
coolant 1: D2O
coolant 2: D2O

-0.05
-1.57
-0.63

Thermal core 2
fuel: enriched UO2 in Al
coolant 1: D2O
coolant 2: D2O

-0.07
-2.81
-1.06

Moderator/Reflector: D2O

-36.14

Fast core/isothermal

-0.32

Thermal core/isothermal

-0.11

D2O moderator/isothermal

-42.74

The complex reactivity-time function of safety rods action for the 'HERBE' system, as an
outcome of the 'RB' reactor safety system design, is determined by measurement [8] of roddrop times and total reactivity of particular rods and shown in Figure 4.
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5.

These reactivity models, for the
'HERBE' feedback reactivity and the
reactor safety system reactivity, together
with the appropriate heat transfer
(including critical heat flux) correlations
for natural convection in narrow
channels, are implemented in the
MACAN computer code [2] developed
at
.„„ T ,
J f
.,\
.F.
.
NET Laboratory
of
J for accident analysis
J
. ,
coupled core reactors.

'HERBE' FAST CORE FLOODING ACCIDENT

As an example of application of the proposed model, the results of calculation of the
'HERBE' system designed accident - a fast core flooding, are presented. During 'HERBE'
system design it was accepted that there is a finite probability that the external Al tank (4 mm
thick) of 'HERBE' fast zone can be suddenly broken at welding position in 1 mm width
around the whole circumference (at height of 1 m, or at the bottom). These situations enable
a penetration of moderator from the 'HERBE' thermal core into air space of the fast region
and results as high and fast reactivity increase in entire coupled fast-thermal system. For that
reason the maximum of safety philosophy is applied in the 'HERBE' construction:
(a)
three separate Al tanks of the fast zone, each closed at the bottom, are designed and
were checked for water leaking and welding quality;
(b)
enriched fuel elements in the NCZ are placed in sealed Al channels so that moderator
could not penetrate in;
(c)
in each of the 24 fuel channel placed in the NCZ, the enriched fuel segments are
replaced, at the channel bottom, by Al supporters (43.0 cm long) closed so that the
heavy water could not penetrate in;
(d)
two separate moderator leaking detectors (DCM) are placed into the NCZ and
connected at different places in the reactor safety system;
(e)
the low reactivity control rod is replaced by new designed high value reactivity safety
rod No. 3.
Determination of true reactivity-time dependence during flooding of the fast core and timely
action of 'HERBE' safety system in the accidental analysis are of the highest importance.
The especial safety experiment with controlled flooding of the NCZ is carried out [9] with
aim to verify calculation results of reactivity-time dependence determined by a simplified
flooding model [10]. Best fit of calculated and measured results gives a polynomial function
of reactivity-time of 8-th/10-th order (with total reactivity of 1900 pcm inserted in
approximately 12 s/15 s), depending of the fracture position. The external reactivity-time
function that represents the 'HERBE' fast core flooding is shown in Figure 5.

Kinetic parameters of 'HERBE' coupled fast-thermal system are determined by ID
cylindrical multi-group computer code AVERY [4] based on Avery coupled reactors model
and collision probability method. The basic integral kinetic parameters of the 'HERBE'
coupled fast-thermal core are calculated as: 1 = 0.62 ms (with 1,, = 0.21 ms, 122 = 0.73 ms)
and /?eff=0.00786 (including contribution of the photoneutrons).
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Fig. 5. Reactivity-time Junction
during the NCZ flooding

All accident calculations are performed
under assumption of (big) partial failure
of the reactor safety system. The reactor
initial power level of 10 mW is chosen,
corresponding to the lowest direct
current from neutron chambers which
corresponds to the longest response time
of DC amplifiers included into the
'HERBE' safety system. A study of
power excursion and reactivity changes
depending on the reactor power level
threshold and the safety system delay
time is performed [11].

Calculation are carried out in the adiabatic model approximation, using space-dependent
computer code AVERY for reactor radial power distribution and time dependence of kinetic
parameters (I) and the quasi-space-dependent kinetics computer code MACAN. The results
of the reactor radial power distribution, during the 'HERBE' fast core flooding process are
shown in Figure 6.
60-i

It can be seen that reactor power distribution in
radial axis remains almost constant during rilling
of the fast converter zone of the 'HERBE' fast
core with D2O moderator from the thermal core.
This fact allows that the reactor power spacetime distribution can be divided in two
independent function - one for space distribution
and the other for the reactor total power time
distribution.
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is chosen for the accident analysis and the
results of the calculation carried out by the
MACAN computer code are shown in Figures
Fig. 6. 'HERBE'radial power
7. and 8. This case is selected for analysis
distribution during fast core
because the effects of the proposed TCR model
flooding accident
can be seen clearly only when the generated
energy in the system during accident is high enough to significantly increase the temperatures

of the fuel and moderator. The high-set power trip of the 50 W at the reactor logarithmic
neutron channel ' F T , corresponds to the big partial failure of the reactor safety system,
includes (almost instantaneous) failures of the following reactor safety system trips:
(a)
two independent moderator level sensors (DCM) in the 'HERBE' fast zone;
(b)
three linear channel high power trips (two of them set at 20 mW, and one set at
100 mW);
(c)
three logarithmic channel minimum power period trips (set at 20 s);
(d)
gama dosimetry high dose rate trip, and
(e)
no manual shut-down of the reactor by the reactor staff in the control room.
Three versions of the TCR models are shown: (a) no TCR model, (b) conventional coreaveraged (isothermal) TCR model and (c) proposed local TCR model.
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Fig. 7. 'HERBE'reactivity-time Junction
during fast core flooding accident
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Fig. 8. 'HERBE' power-time behaviour
during fast core flooding accident

It can be seen that new proposed model of 'local TCR' gives lower reactivity changes and
respectively higher power excursion, almost as it is in the case when there are no TCR. The
core-averaged TCR model gives higher and faster reactivity changes after the reactor shutdown and correspondingly lower power excursion is obtained. It can be concluded that
proposed model with local TCR, under the same heat transfer conditions, gives more realistic
picture of the 'HERBE' fast core flooding accident than the usual core-averaged model with
isothermal TCR, as it is expected in the introduction.

6.

CONCLUSION

A new model with local feedback reactivity parameters for reactivity determination in the
coupled systems is proposed and applied at the 'HERBE' system accident calculation. It was
compared to usual point kinetics model with integral (core-averaged) parameters. Calculated

parameters of the new model were verified in the experiments performed. It was shown that
the 'HERBE' safety system can shut-down reactor safely and fast in the case of highly set
power trip and even under conditions of (big) partial failure of safety system.
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Abstract — Using a cluster of processors with a distributed memory, parallelization for multigroup flux computations is investigated. The parallel performance will
be studied in cases where the neutron transport equation is discretized using the collision probability technique. Particular techniques pertinent to the two-step process of
solving a multigroup linear equation, as well as a fixed source solver, are described. Parallelization is achieved by distributing different energy groups on a set of workstations
using PVM. Typical run times will be provided for 1-D CANDU cell test case. Finally,
conclusions are drawn for realistic applications of parallel multigroup flux solvers.

I. INTRODUCTION
Computer simulations play a crucial role in the study of large-scale technological systems. The increase in the complexity of such systems and the accuracy demanded of
modelling lead to algorithms of ever increasing complexity. It then becomes necessary to
investigate new computer technologies in order to keep computation time at reasonable
level.
One solution is parallel computing which is a way of reorganizing the structure of the
computer so that it can do many things simultaneously. Parallel processing has already
been applied successfully to several fields of engineering and science (aerodynamics, geophysics, meteorology, etc.). It is commonly accepted that, in the coming years, powerful
computing machines will consist of many processors connected by a high speed message
exchange network. Small multi-computers are already quite common in industry research
centres and universities. However, many challenges remain with regard to algorithm languages and even standards to evaluate multi-processors performance.

How the multigroup neutron transport equation can be solved for an array of regions
as in 2-D cluster cells, as well as in 3-D supercells, will be discussed. The multigroup
transport equation is generally solved using iteration schemes where the flux solutions of
a set of one-group problems are combined via their source terms.
Since the multigroup transport equation using the collision probability method is suitable for parallelization, this paper investigates how the sequential code can be parallelized
while minimizing the modifications to the initial code and hardware investment. In this
spirit, the parallel multigroup solution of the transport equation using PVM (Parallel Virtual Machine) [1,2], a public domain software package for parallelization on a network of
workstations, is presented. Parallelization over the energy groups as well as other iterative
schemes are examined.
Section II presents a detailed description of the parallel environment PVM and a comparison with other alternatives. Section III describes the multigroup neutron transport
equations. In Section IV, the main steps for the parallelization of the equations are described. Performance results are given in Section V. Finally, conclusions are drawn in the
last section.
II. PARALLELISM
In this section, key parameters characterizing parallel computer performance will be
reviewed, and will be used as a grid for a brief overview of the various presently available
classes of parallel systems. Among them, the. PVM software package will be the tool
selected for the present parallelization task on DRAGON [3].
Speed up, which is a common measure of the performance gain due to the use of a
multi-processor, is defined as the ratio of the time required to complete the job with one
processor to the time required to complete the same job with N processors. A good
speed up (as close to N as possible) implies that processors experience minimal delays in
exchanging information. The approach to the breaking up a problem in order to run it on
a multiprocessor system depends on the architecture of that system. Beside speed up. cost
effective computation and skillfull work are also matters of importance when evaluating
a parallel system.
Among the growing number of new architectures, the following characteristics are a
helpful classification guide: shared or distributed memory, coarse or fine grain, SIMD
(Single Instruction, Multiple Data) or MIMD (Multiple Instruction, Multiple Data) (see
Appendix). The various trade-off between the qualities of multi-computers have led to
the following broad classes of parallel computers:
i) Massively parallel processing (fine grained) where thousands of simple, moderately fast,
special purpose processors usually operate in single-user mode. For example MasPar in
banks of 1,024 processors up to 16,384; Thinking Machines (Connection Machine CM-1

through 5) with typically 216 processors. Expertise is available in large government
laboratories and few universities but they are rather expensive.
ii) "Mainframe" parallel processing supercomputer, which are popular in universities,
laboratories because of their versatility, multi-user possibilities and large software and
infrastructure support. Examples are: Parallel unicomputers based on functionnal
parallelism and pipelining (Cray 1), Multipurpose MIMD with up to 8 units with
vector processors: Cray X,Y series, NEC -SX series... The market is very competitive as examplified by the demise of ETA systems of CDC despite a large financial
commitment.
iii) Multi-processing platforms. The user distributes specific tasks on a few powerful general purpose processors in order to increase performance, particularly in the high-level
workstation and graphics domains. They are very popular amongst a highly specialized workforce, such as aeronautical design, satellite imaging personnel... They are
easily upgradable and can be used as a powerful node in a heterogeneous architecture
as discussed in iv). Examples are: Apollo/Hewlett-Packard workstations offering 4
CPUs which are RISC chips on a VME bus, Silicon Graphics providing up to 24 processors and promoting a line from a simple deskside graphics workstation to a graphics
supercomputer, Sun SPARC station 10, 20 series with a maximum of 4 processors.
iv) Parallel Virtual Machines. The network heterogeneity already present in large institutions lias led to a tool that distributes user problems across diverse architectures. PVM
enables a user to define a heterogeneous networked collection of serial, parallel and vector computers to function as one large computer. Because of the practical importance
of cost-effectiveness and portability between institutions, more than 100 institutions
worldwide have already implemented PVM on a variety of CPUs. However, the following limitations must be kept in mind: workstations have to communicate through
buses so that when the number of processors increases, bus contention becomes severe
and limits the speed of the system; furthermore, the management of load balancing
among heterogeneous computers is more complex than it is for a MIMD dedicated
machine (with identical processors).
Installation of PVM is easy and does not necessarily require the intervention of the superuser. A plain access or account on different workstations is sufficient for a user's purpose.
A parallel code is compiled using the standard compiler (Fortran and C) for the workstation and is linked with the PVM library. The executable is stored in a specific user
directory where PVM will look for programs to spawn. In a heterogeneous environment,
the program is compiled with the various compilers (corresponding to each different CPU)
and then stored in a separate directory.

Once an architecture has been set up, two kinds of parallel programming are possible.
First, the host-node programming: one processor runs a program which controls and
interacts with another code running on the other nodes. The host processor is usually the
only one capable of accessing I/O (disk, screen, etc.); communication with other nodes
goes by message-passing. Second, in what is called SPMD (Single Program Multiple
Data, not to be mistaken with SIMD), the same code is replicated on all nodes, each of
them having access to standard I/O. The node identifier is sufficient to produce different
behaviour appropriate to the different processors or, more often, to divide the global task
into smaller ones.
For the present investigation which aims at the parallelization of DRAGON in a cost
effective way and with a minimal change from the sequential version, a network of Sun
SPARC workstations has been selected for hardware. The SPMD programming method,
that requires less modification than does the host-nodes choice, has been adopted. In
summary, the sequential code undergoes relatively few changes : inclusion of messagepassing routines, adaptation of the variables to be transfered by these routines and some
load balancing. In the latter part, a special effort is in order to give to same amount of
work to each processor in order to avoid that one node, which has been given the longest
task, delays other processors. Such a situation would create a sequential type behaviour
limiting the parallel performance.
III. MULTIGROUP TRANSPORT THEORY
How the multigroup neutron transport equation can be solved will be discussed here.
The DRAGON cell code [3] attempts to produce a consistent solution using the collision
probabilities (CP) method to a static problem of the form:
Q • V$(f, ft, E) 4- E(f, E)$(r, ft, E) =
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where the usual macroscopic cross sections (E, S s and £/) are formed by combining the
microscopic cross sections of various isotopes.
Here, the standard conditions of most cell calculations [4] will be assumed:
1. the energy spectrum is split into G energy groups;
2. the scattering kernels are assumed to be isotropic, so that all neutron sources are also
isotropic;
3. and the cell or supercell boundary conditions-are reflexive.

In this paper, the concern is a multigroup and multiregion problem and the implementation of a flux solver strategy on parallel architectures. Instead of directly using the
DRAGON system which contains about 100K lines of Fortran code, a small application
that can accurately treat slab assemblies in a multigroup treatment has been constructed.
The idea behind this restriction is to get rid of the memory management of large test cases
and to access only the main computational features of a cell code. In order to calculate
the CP, we have considered a model that uses specular boundary conditions outside the
slab assembly [5]. The one-group integro-differential Eq. (1) may then be written in a
simplified integral form:

= /
J-oo
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where $9(z',n) is the neutron flux in group g at a point z' of the slab, [i represents the
cosine of the polar angle, and H(-) is the usual step function. Here, the optical path
between z and z' in group g is T9(Z,Z'). Neutron sources in group g and coming from a
point 2 are collected into the ^9(z,fi) term. Let us now partition the original slab into I
zones
0 = zQ < . . . < Zi-i < Zi < ... < zL = H

each zone being defined such that it has homogeneous material properties with total crosssection Ef and width Vi = Zi — Z{-\. Assuming reflected boundary conditions, the flux in
Eq. (2) will exhibit a 2H period in the 2-coordinate. In this simplified transport model,
the group-dependent reduced and volume-integrated first-flight CP is computed using:

= r d z r dz'

(3)

where Gg(z' <— z) is the symmetric transport kernel assuming an isotropic slab source at
z.
Once the CP matrices have been computed in every energy group, the transport equation is discretized into the form of a linear system of equations:
L

G

G
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g' = l

with symmetric P g matrices of order L. In order to solve this eigenvalue problem for k
and the fluxes, multigroup iteration schemes are generally implemented using the inverse
power method:
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where 0(n^ and k(n) are the multigroup flux and the eigenvalue approximations obtained
at iteration n.
In this problem, the order of the matrices is L x G. Generally, both values L and
G will be large; this makes the pratical inversion of the matrix A very expensive. For
solving at iteration n+1, multigroup schemes are therefore iterative. Now it is important
to consider the matrix structures involved in Eq. (4); the following remarks will drive the
way we conceive such an iterative scheme:
1. The P g matrices are generally full: They are used to perform the spatial coupling
inside the cell.
2. The scattering matrices SSi are such that in the fast groups there are no up-scattering
and therefore part of the matrix is lower diagonal.
In the next subsections, two different approaches to the multigroup solution will be
investigated
III.A Self-scattering reduction scheme
A usual operation performed before solving the linear transport system on sequential
architecture is called scattering reduction of the collision probability matrices. Using
this scheme, all scattering information pertinent to group g is transfered to the left-side
of Eq. (4) the system is rewritten in the form:

?= E

r*'*f'

Assuming a fixed right-hand side, solution of the left-hand side can be achieved either
by an iterative or a direct method. Using direct inversions of these full matrices of order
L, we will have to compute the scattering-reduced matrix W g for every energy group :
W g = [V - PKSf^ 8 ]- 1 x P g = [A 8 ]" 1 x P g
so that the linear system in Eq. (4') can be simplified to:
L

*5 = E
t=l

where the external sources coming from other groups are given by:

with fission neutrons provided by:

The system of Eqn. (5-7) is solved by inverse power method assuming a one-neutron
fission source vector S. This is the numerical scheme that is currently implemented in
DRAGON. It might be said that it also corresponds to a standard way of solving the linearized transport problem [6]. Note that, in every energy group, exactly the same sequence
of operations is necessary to compute the W g matrix; this is a very nice behaviour when
going to a very large number of groups. However, the self-scattering reduction is not necessarily the only way of solving the linear transport system on sequential architecture
t as discussed in the next subsection.
III.B Mixed multigroup and multiregion iterative scheme
Another completely different approach which consists of a two-stage iterative process
for solving Eq. (4), is presently under investigation. Assuming a fixed multigroup source
vector 5, the basic form of the linear system is well-known to reactor physics [7]:

where matrices V and Ss are respectively block-diagonal in space and in energy. We are
presently developping an iterative scheme based on a group-region ordering with Chebyshev acceleration. The main problems encountered when trying to parallelize this solver
using a two-step iterator are:
1. the permutation of unknowns when going from the flux to the emission vector.
2. the preconditionning of the linear system in order to achieve the best convergence
speed.
Such a checquer board algorithm that is already known to be well-suited for many
parallel applications in diffusion processes [8], for group and region accelerations, two
dynamically-computed convergence parameters will be needed. When most of communications take place only between the neighbours at each step, this scheme is the most
efficient.
In the remaining of the paper, implementation of the standard multigroup scheme in
the parallel environment and comparative results, will be described.

IV. CODE PARALLELIZATION
Let us review some of the steps taken in order to test the code potential for parallelization. The first step was to run the sequential code to find which parts were most
CPU time consuming. It was found that, the flux calculations (inner loop) require the
most CPU time. The computation of the collision probability matrix is small but becomes
non-negligeable as the number of regions grow.
The parallel code was written in such a way that it runs for an arbitrary number of
processors (which becomes an input); this is what we mean by scalability. A major criteria
of good programming resides in making a code as portable as possible: only few changes
would be necessary in order to change from a parallel environment to another (ex: from
PVM to Express, P4, GENESYS,etc). Furthermore, debugging consisted of starting with
only one processor, making it run successfully and then going further up.
IV.A CP calculation
The CP calculation is carried out in two steps: trajectory tracking and numerical
integration. On a sequential machine, tracking is done only once for all groups, and
CP integration is repeated for each energy group with identical trajectories but different
cross-sections.
The parallel algorithm assigns each energy group to a different processor. However, in
the first step, tracking is repeated by each processor, even if it gives the same values for all
groups. The objective is that there will remain no tracking data communications between
groups. In the second step, each processor integrates CP for a set of energy groups. This
parallel strategy for computing CP matrices has already been programmed in the TDT
code, a subset of APOLLO-2 [9]. The following loops are thus executed:
call pvmfmytid(mytid)
call pvmfparent(tids(O))
do i = l , nproc
if(mytid.eq.tids(i)) me=i
enddo
do ig=me-fl, ngrp,nproc
call PIJ(...,Pmat(ig))
enddo
where ngrp, nproc and me=l,...,nproc are the total number of energy groups, the total
number of processors and the processor identifier respectively.

IV.B Parallel multigroup solution
In the parallel algorithm of Figure 1 and corresponding to self-scattering reduction.
each processor calculates a few inverse matrices associated with a subset of energy ranges.
This gives rise to the following loop:
do i g = m e + l , ngpr, nproc
call calcul(Amat(ig),...)
call invers(Amat(ig),...Wmat(ig))
enddo
Assuming an initial one-neutron fission source in the fuel region, an iterative process is
started on each processor. At each step (n) of the inverse power method, each processor
computes its flux solution after executing the following loop:
do i g = m e + l , ngpr, nproc
$(ig) = Wmat(ig) q(ig)
enddo
Each processor calculates the contribution of its set of energy groups to Keff of the cell
under consideration:
Keff (me) = 0.0
do ig = me + 1, ngrp, nproc
Keff(me) = Keff (me) + i/Sfmat(ig)$(ig)
enddo
For each processor, the value of the local Keff(me) is broadcast to the other nodes in order
to compute the sum. This gives the same value of Keff on each processor. Then, the
processors exchange their respective local flux computational results.
At this stage, each processor is able to calculate the source related to its energy subgroup which will be used in the next iteration (n + 1) :
do ig = me -f 1, ngrp, nproc
q(ig) = 0.0
doih = 1, ngrp
q(ig) = q(ig) + S s mat(ig,ih

ig)

{i/E f mat(ih)#(ih)}

enddo
enddo
The iterative process continue until convergence of Ke^ and the flux distribution.

IV.C Parallel mixed group-region iterative solution
In attempt to do a new iterative scheme, Eq. (4) has been transformed using a mixed
group-region strategy. Assuming fission sources, at step (n + 1) of the inner loop of the
muitigroup algorithm, the parallel algorithm is split into the following parts:
1. compute 0 (n+1 ) using <^n) and CP matrices,
2. evaluate new acceleration parameter for groups; if necessary, region/group permutation
3. compute <^n+1) using <fr(n+l) and scattering matrices,
4. evaluate new acceleration parameter for regions, if necessary, group/region permutation.
In Steps 2 and 4, permutations are not necessary when using some hypercubic connections
[8]. Since a fixed right-hand side and block-diagonal matrices are assumed, communications established between nodes in Steps 1 and 3 by associating one processor per group
or region respectively, are minimized.
Then, once this inner iterative process has converged, as in the previous section, the
source terms which will be used in the next iteration are regenerated and the muitigroup
process will continue until convergence of Kefi and the flux distribution.
V. RESULTS

V.A Cell description
The test case considered here is a 32 regions 32 groups ID representation of a Gentilly2 cell. First a 69 group cell calculation was performed for the standard 2D CANDU cell
[3] using DRAGON. The 32 groups macroscopic cross sections associated with the fuel,
coolant and moderator were then obtained by direct condensation of reaction rates, namely

where i represent the regions associated with material M (fuel coolant or moderator) and
g (g = 1, 69) the micro-group associated with the macro-group H (H — 1, 32).
The second step involves the generation of an equivalent ID cell geometry (Figure 2).
In order to simplify such a cell we first neglected the structural materials which include
the pressure and calandria tubes and the fuel sheat which were explicitly considered in
the 2D model. Then the fuel was divided into 7 equal thickness regions (the first one
being located at the center of the cell), each being equally spaced. The material located
between these fuel regions being filled by the coolant. The thickness of the regions was
obtained by insuring that the fuel volume inside a ID cell of height 28.575 cm would be
equivalent to that of the original 2D cell. Note that the Koo computed for the ID cell is

1.0651 which is slightly lower than that obtained for the standard Gentilly cell (1.1171)
even if structural materials are no longer present in the ID simulation. The reason for
this is that the fuel extends to infinity in the ID cell therefore increasing the neutron
absorption in the external fuel region, and leading to a less efficient use of the internal
fuel regions.
V.B Numerical results
Here are the results using the parallel multigroup algorithm described above:
Table 1: CPU time: parallelism on the energy
nproc
32 regions
128 regions
1
179.1s
1578.3s
2
97.8s
841.0s
4
61.8s •
453.8s
8
46.2s
247.7s
The speedup curve associated with table 1 above, is plotted in Figure 3. Let us recall
that the speedup value is the ratio between the CPU time for one procesor and the CPU
time for N processors.
It is worth noting that another scheme based on multiregion algorithm has been tried:
in Eq.(4) all the entries pertinent to a specific region were moved to left. Unfortunately,
the source terms become related with both regions and groups, and necessitate much more
calculation time than their equivalent in multigroup scheme: for one processor, we end up
with prohibitive running times for 32 and 64 regions which were 1642 and 9069 seconds
respectively.

V.C Comments on number of iterations
For the thermal iteration each group was considered independently, that is the iteration
process was repeated over each group until convergence was reached. However, this is not
the most efficient multigroup iteration scheme. In fact, because there is no up-scattering
in the first 13 groups (see Figure 4), a sequential solution would be more efficient in these
cases since by treating one group at a time no iteration is required. The only groups which
then require the iteration process are lower energy groups corresponding to g — 14, 32.
Using a parallel solution this means that the solution in group 1 is converged after a
single iteration while that in group 13 requires a maximum of 13 iterations to converge.
Accordingly, in this case a combination of sequential and a parallel treatment would in
fact speedup the computation in the case where the number of groups is much larger than

the number of processors. For example, if one considers the case of a computation which
requires 100 iteration for a 8 equal speed processors, in the parallel case, 400 processor
cycles (4 processor cycles per iteration) would be required while for the sequential- parallel
scheme one would start with 13 processors cycles (for the groups with no upscattering)
followed by 300 processors cycles for the remaining groups for a total of 313 processors
cycle. In the case where 16 out of the 32 groups have no up-scattering this is further
reduced to 216 cycles. Accordingly, because of the form of the scattering cross section,
the sef-scattering reduction commonly used in multigroup solvers, and presented above,
could be improved only by investigating further the load balance in the slowing-down
range.
VI. CONCLUSION
The multigroup scheme provides an attractive alternative to expensive Monte Carlo
simulations. Some detailed calculation schemes for solving the multigroup transport equation using a cluster of computers has been presented. All these schemes use the power
method for finding the critical multiplication factor in a multigroup iterator. In the coming years, fine-group calculations using thousands of energy groups will be useful to assess
transport and equivalence computations on cross-section libraries. The parallel algorithms
developed here will provide users with sufficient resources to perform this kind of benchmarking, without the usual memory and CPU limitations imposed by problem sizes. It is
expected that results will be improved over, the coming years by using well-adapted flux
rebalancing methods and variational acceleration in order to speedup convergence.
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APPENDIX
i) In a shared memory architecture, each processor has access to all- memory while in a
distributed memory architecture, each processor has access only to its own memory
and exchange messages with others to have access to their data.
ii) The unit of computationnal work allocated to each processor is a grain. A coarse grain
contains many data while a fine grain contains one or few data.
iii) The SIMD mode (Single Instruction, Multiple Data) indicates that one current instruction is applied by each of the processors to the data included in their local memory. In
the MIMD mode ( Multiple Instruction, Multiple Data), each processor executes its
own, separate program.
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ABSTRACT
Reactor noise analysis techniques are being applied in Ontario Hydro's CANDU nuclear
generating stations to monitor the dynamic characteristics of critical plant components,
processes and their instrumentation. A comprehensive analysis of stationary signal fluctuations (noise) of the standard instrumentation of Pickering-B, Bruce-B and Darlington
units have been carried out in the past two years. In these measurements the feasibility of
applying noise analysis techniques to actual operating data has been demonstrated. The
results indicated that the detection and characterization of instrument and process failures, and validation of process signals and instrument functionality can be based on the
existence of certain statistical features of the measured reactor noise signals.
INTRODUCTION
Reactor noise analysis is a statistical technique for extracting information on reactor system
dynamics from the fluctuations of measured instrumentation signals during steady-state
operation. The goal of reactor noise analysis is to monitor and assess the conditions of
technological processes and their instrumentation in the nuclear reactor in a non-intrusive,
passive way. The application areas of noise analysis includes: (a) detecting anomalies in
the reactor in their early stage (e.g. mechanical vibration of internal components, boiling of
coolant, blockage of channels, flow instabilities), (b) long-term trend monitoring/prediction
of the dynamic characteristics of reactor components and instrumentation (e.g. detection of
incipient failure of instrument lines and detectors due to ageing), (c) evaluation of physical
parameters of the reactor and its instrumentation, such as reactivity coefficients, coolant
flow, void content, prompt fraction of in-core flux detectors, response time of resistance
temperature detectors (RTDs), flow and pressure transmitters.
Similar dynamic information might be obtained in direct experiments by applying
external excitation to the reactor system. The reactor noise analysis methods, as opposed
to these deterministic external excitations, are based on the statistical analysis of the inherently random and small fluctuations of measurable process signals. These fluctuations
are the results of stochastic effects inherent in physical processes, such as heat transfer,
boiling, coolant flow turbulance, fission process, structual vibrations, pressure oscillations.
Noise analysis have several advantages over deterministic testing techniques: (1) existing
standard plant instrumentation is usually used in noise measurements, (2) the normal operation of the plant is not disturbed during the noise measurements, (3) on-line surveillance
is provided, since the operation of the reactor is not restricted during noise measurements.
In certain cases, reactor noise analysis techniques are often the only diagnostic indicators
of processes inaccessible to direct plant measurements. Besides the natural fluctuations of

the process variables around their constant mean- or DC-value, the measured noise signals
may also contain undesired instrument noise caused by amplifiers, filters, recording and
sampling instruments. By analyzing the intersignal relationships in the frequency domain,
these components can be identified and separated from the real physical fluctuations of
process variables.
DEVELOPMENT OF CANDU-SPECIFIC NOISE TECHNIQUES
Based on the positive results of some early noise measurements, an extensive program
of reactor noise analysis was initiated aimed at developing CANDU-specific noise-based
statistical techniques for monitoring process and instrumentation dynamics, diagnostics
and early fault detection. A comprehensive "noise survey" of detector signals from the
standard instrumentation of PNGS-B, BNGS-B and DNGS units have been performed in
the past 2 years at various power levels and sampling rates. Also, recommended standards
and procedures for regular station noise measurements are being developed.
A prototype of multi-channel PC-controlled analog data acquisition hardware and
signal processsing software necessary to carry out 64-channel simultaneous noise measurements have been developed and used in actual measurements in the past two years as a
measurement tool for system surveillance and diagnostics. The signal conditioning and
data acquisition hardware (isolation buffer amplifiers, filters, DC-compensators, noise amplifiers, ADC boards) are fully software-controlled. The procedure for safely connecting
analog station signals from the two shutdown safety systems (SDSl, SDS2), from the reactor regulating system (RRS) to the noise measuring hardware has been established. Week
long noise measurements can be carried out with no interference with the normal operation
of the plant. The PC-based signal processing software can analyze up to 64 signals simultaneously, which includes not only FFT-based spectral analysis, but more sophisticated
statistical techniques, such as multivariate autoregressive (MAR) modelling for cause-andeffect analysis, and sequential probability ratio tests (SPRT) of MAR-based residual time
series for fault detection.
The noise signatures of regular and spare in-core flux detectors, ion chambers, reactor inlet/outlet header pressure sensors and RTDs, moderator inlet/outlet pressure sensors and RTDs, inlet/outlet flow meters and RTDs from the fully instrumented channels
(FINCH), safety flow meters and liquid zone level indicators have been learned and established for normal operating conditions and normal detector dynamics at various power
levels under steady-state operation. Noise signatures of actual measurements acquired in
the surveillance periods are compared to the corresponding noise signatures of reference
measurements acquired in the learning period.
APPLICATION AREAS OF REACTOR NOISE ANALYSIS IN CANDU
The following is a list of areas in which reactor noise analysis has been successfully applied.
• Monitoring the functionality and dynamic response of in-core flux detectors (ICFDs),
and their instrument lines based on multi-channel measurements of ICFD and ion
chamber noise signals. Periodic and systematic noise measurements can be performed

to monitor and predict trends in measured noise signatures indicating incipient failure
of in-core detectors. The normal trends of noise signatures can be separated from the
abnormal trends leading to the degradation of detectors/instrumentation.
• Estimating the relative prompt fraction of ICFD based on multi-channel measurements
of ICFD noise signals. The noise-based estimation of the prompt fraction of ICFDs can
be calibrated by a subsequent reactor rundown test, which gives an absolute measure
of promptness of detector signals. Typically, reactor rundown tests can be performed
every 3-4 years for a limited number of ICFD detectors. Once the noise signatures are
calibrated to the results of the reactor rundown test, change in the prompt fraction
can be detected by noise analysis any time between rundown tests. This can reduce
the need for further rundown tests.
• Identifying excessive vibration of detector guide tubes based on ICFD noise signals.
Unusually strong vibration peaks in the spectral functions of certain SDS2 ICFD noise
signals, generated by the mechanical vibration of horizontal detector tubes in the 3-5
Hz frequency range, have been found. The vibration of horizontal detector guide tubes
is induced by moderator flow. Increasing vibration or possible impact on surrounding
calandria tubes can be detected by neutron noise analysis.
• On-line monitoring of the functionality of ion chambers and their instrumentations
during operation at very low power level (reactor outage and start-up). Results of
ion chamber noise measurements performed during Phase B and start-up periods of
DNGS Unit 4 in 1993 showed that the multi-channel noise signatures of ion chamber
signals (APSD, coherence and phase functions) had a certain pattern, which changed
with increasing power level. By analysing these patterns the ion chamber signals can
be validated during the outage. Faulty ion chambers or instrumentation can be indentified before reactor start-up by performing proper multi-channel noise measurements
of Log N and Log N Rate signals.
• Monitoring and estimating the dynamic response and time constant of RTDs installed in the process based on the measurements of RTD noise signals. This can
include both thermo-well and strap-on RTDs (moderator, reactor inlet-outlet header,
channel-outlet, FINCH, etc.). Measurable and physically reasonable fluctuations of
RTD signals have been analyzed in DNGS, PNGS-B and BNGS-B units, and their
noise signatures have been learned. Abnormalities in the core flow causing changes in
the statistics of coolant temperature fluctuations can be separated from abnormalities
in the RTD itself or in its instrumentation. RTDs with degraded dynamic response
can be identified.
• Detecting coolant boiling in FINCH channels based on temperature noise and inlet/outlet flow noise signals. Darlington noise measurements showed strong correlation between the occurrence of boiling (indicated by fuel channel outlet temperature)
and the statistical coupling (coherence and phase functions) of inlet and outlet flow
fluctuations.
• Estimation of pressure transmitter and flow meter response time and validation of
their dynamics. Identification of the resonance frequencies of pressure sensing lines.
Validating FINCH flow and SDS safety flow signals. Separating anomalies in flow

from instrument noise.
• Estimating the sensitivity of RRS in-core flux detector signals to the changes in the
individual liquid zone levels as a frequency dependent complex transfer function based
on the measured neutron flux and level noise signals. Identifying the cause-and-effect
relationships between changes in in-core flux detector signals and changes in liquid
zone level signals. Identifying instabilities and oscillations in the coupling of neutron
flux and liquid zone level signals.
• Monitoring the circulation of moderator and estimating moderator transit time based
on inlet and outlet RTD noise signals.
Some of these applications are discussed below. More details can be found in the technical
reports listed in the References, and in other publications under preparation.
VALIDATING IN-CORE DETECTOR DYNAMICS BY NOISE ANALYSIS
The first in-core neutron flux noise measurements in Ontario Hydro's power plants at fullpower operation were performed in early 1992 at Units 6, 7 and 8 of PNGS-B [Ref. 1].
Further neutron noise measurements were carried out at Units 8 and 5 in 1993 and 1994,
respectively [Ref. 2, 3 and 4]. Noise signals from regular in-service and spare in-core flux
detectors of SDSl, SDS2 and RRS systems were recorded and analyzed off-line. The noise
measurements were performed during normal operation at full power before scheduled
reactor rundown tests [Ref. 5, 6]. The objective of the noise measurements was to confirm
that the detectors meet their transient response requirements.
The results showed that neutron noise signals contained process related dynamic information in the frequency range of 0-10 Hz. This indicates that the detectors are "alive" and
capable of following these small but rapid fluctuations in the neutron flux around its static
value. The statistical noise signatures characterizing the normal detectors were learned
for all vertical and horizontal detectors, regular and spare detectors. A large database of
signatures has been established. A typical set of normalized auto power spectral density
(APSD) functions of noise signals from 8 SDS2-G in-service and 8 spare ICFD detectors
can be seen in Figure 1 ("normalized": noise signal devided by the DC value of the actual
signal). In 1992 one of the in-core flux detectors in Unit 6 was identified as degraded based
on its unusual noise characteristics and low coherence with other ICFD noise signals. The
same detector was found to be degraded in the subsequent reactor rundown test as well.
It is important to note, that noise analysis did not require shutting down the reactor to
reach the same conclusion.
MONITORING DETECTOR TUBE VIBRATIONS BY NOISE ANALYSIS
Evidence of mechanical vibration of horizontal detector guide tubes has been found in the
spectral functions of horizontal ICFD neutron noise signals of all four PNGS-B units [see
Refs. 1, 2, 3 and 4). Detectors vibrating in an inhomogenious static flux sense virtual flux
fluctuations, and the mechanical vibration is mapped into detector current fluctuations.
Noise signals from detectors located in the same vibrating guide tube have peaks in their
APSD functions at the same frequency (fundamental and higher harmonics), and the

detector pairs have high coherence and zero phase shift at the fundamental vibration
frequencies. Noise signals from detectors located in different tubes have zero coherence at
vibration frequencies, even if they had the same vibration frequency (uncorrelated tube
vibration). As an example, Figure 2 shows the spectral functions of a spare detector pair
in horizontal flux detector tube No.l (R1H-RE2 and R1J-RE2, PNGS-B Unit 6, HFD1).
The huge vibration peak in the APSD at 3.7 Hz results in 100% coherence and zero phase
difference between detectors. The first harmonics of the tube vibration at 7.8 Hz can be
also seen in the flux noise spectra with 150 degree phase difference. Another example of
APSD functions of ICFD noise signals from PNGS-B Unit 8 with tube vibration is shown
in Figure 3. Neutron noise peaks at 4.70 Hz and 10.40 Hz indicate the fundamental and
the first harmonic vibration frequencies of detector tube No. 5.
By monitoring the trend of vibration peaks in the noise spectral functions of the
measured detector signals, the mechanical condition of the detector tube can be assessed
based on the following simple principles: (1) increase in the magnitude of the APSD peak
indicates increasing vibration of the detector tube, (2) shift in the location of the APSD
peak indicates changes in the mechanical conditions/support of the detector tube, (3)
widening of the APSD peak indicates increasing impacting/hitting on the surrounding
structures. The long term monitoring of these vibration peaks is useful for early detection
of mechanical damages in the reactor core.
ESTIMATING RTD RESPONSE TIME BY NOISE ANALYSIS
Signal fluctuations of SDSl heat transport high temperature (HTHT) resistant temperature detectors were recorded in PNGS-B Unit 8 for 15 hours with the reactor operating
at full power. The objective of the noise measurement was to estimate the response time
of the newly installed RTDs and to identify possible anomalies in the temperature safety
signals. The RTD response time derived from the statistics of noise signals was in the range
of 14-16 sec for all the SDSl HTHT safety RTD signals [Ref. 7]. Typical APSD spectra
of temperature noise signals are shown in Figure 4 with a corner frequency of 1.22 x 10~2
Hz. Sample of noise time series (raw data) can be seen in Figure 5. The upper curve is an
RTD signal with normal dynamics, while the lower curve shows irregular jumps in signal
level.
Earlier noise measurements of FINCH channel RTDs, reactor inlet/outlet header
RTDs, moderator inlet/oulet RTDs and fuel channel outlet RTDs in Bruce-B and Darlington units also showed that the true physical temperature fluctuations sensed by the
RTDs are in the frequency range of 0 - 0.5 Hz for both the thermowell and the strap-on
RTDs. A similar noise measurement was carried out on PNGS-B Unit 6 in 1993. in order
to identify the source of a strong electrical noise in the SDS2 HTHT RTD temperature
signals which has already tripped the reactor once. Based on our measurements, a design
fault in the circuit of one of the Ground Fault Detectors was positively identified as the
source of signal transients [Ref. 8].
NOISE ANALYSIS OF PHT SYSTEM FLOW AND PRESSURE SIGNALS
Transient alarms on SDSl Low Gross Flow safety signals (flow dips) were investigated,
which involved simultaneous measurements of SDSl safety flow, reactor inlet/outlet header

pressure and FINCH flow noise signals in the primary heat transport (PHT) system of
PNGS-B Unit 6 at full power operation. The objective was to investigate the characteristics
and the root cause of the strong flow dips detected in the SDSl safety flow signals, and
to determine whether the signals dips represented real flow transients in the PHT system
(induced by pumps or process abnormalities), or if the dips were generated locally and
independently in the flow measuring elements/instrumentation [Ref. 9]. The spurious
alarms (dipping below 90% flow) caused by the dips in the Low Gross Flow loops has
been a problem on PNGS-B units for some time. In Unit 6 the SDSl-D Low Gross Flow
F4D-FT1 signal was spuriously alarming at a rate of up to 30 times per shift. As shown in
Figure 6, the F4D-FT1 safety flow signal showed the most severe problem of signals dips,
but the other three flow signals (FID, F2D and F3D) contained dips too. The typical time
width of a signal dip is 70 msec.
Time series of fluctuations of the two reactor inlet header pressure signals, two outlet
header pressure signals, seven RRS (FINCH) inlet flow (Ap) signals and four SDSl-D
flow (Ap) signals were recorded at steady-state full-power operation. The statistics of
the acquired time series of the fifteen noise signals was calculated and analyzed, and the
statistical signatures characterizing the dynamic coupling between signals were identified.
The analysis proved that the signal dips in SDSl-D signals are not process related.
Most likely, the dips are generated locally and independently by the flow (Ap) measuring
elements (orifice). Similar flow (Ap) measurements in FINCH channels do not show any
dips, only the nornal flow fluctuations. In those channels a much smoother flow element
(Venturi tube) is applied to achive a measurable Ap signals. No reactor inlet and outlet
header pressure signals showed any dips-similar to those detected in SDSl-D safety flow
signals. The fundamental frequencies and their.higher harmonics of pressure sensing line
resonances were also identified in all the pressure and flow signals as resonance peaks in
the noise spectra. These peaks are well-known and normal components of the measured
noise signals, and they can be separated from the effect of the random dips on the flow
noise spectra. Figure 7. shows the auto power spectral density functions of the noise from
7 FINCH flow (Ap) and 4 SDSl-D flow (Ap) signals sampled by 200 Hz.
In Figures 8 and 9 a sharp and strong peak in the noise spectra was found at 0.025 Hz
in all the measured inlet and outlet header pressure noise signals with zero phase difference
and maximum coherence (the "heartbeat" of the PHT system). This slow and correlated
in-phase oscillation of pressure signals with about 40 sec time period can be clearly seen
in the raw time series as well. Most likely the pressure oscillation is caused by a periodic
"feed-and-bleed" control. Also, a smaller and wider pressure peak was found around 0.3
Hz in the inlet and outlet header pressure signals with high coherence (see Figures 8 and
9). The 0.3 Hz oscillation between two reactor header pressure signals is in-phase or
opposite phase depending on whether the two headers are in the same coolant loop or in
different loops. Interesting to mention that these low-frequency resonances have no effect
on the measured FINCH and SDSl flow fluctuations. However, the same oscillations can
be detected in the in-core neutron flux fluctuations.
The FINCH and SDSl-D flow noise signals are totally uncorrelated even if they come
from the same reactor inlet header. The lack of coherence (measure of signal commonality

patterns have been learned, they can be used to validate process/instrumentation dynamics. If these patterns are reproduced in subsequent noise measurements, it indicates that
the process and its instrumentation is in normal condition.
DETECTING BOILING IN FINCH CHANNELS BY NOISE ANALYSIS
Flow noise measurements were performed in DNGS Unit 3 at full power to establish the
dynamic coupling between FINCH inlet and outlet flow fluctuations, and to identify possible anomalies in flow signals. Inlet and outlet flow signals from 16 FINCH channels were
recorded simultaneously. Their FFT-based statistical signatures (APSD, coherence and
phase functions) were calculated and analyzed for all signal combinations. We found that
the above noise signatures in high-power FINCH channels were significantly different from
those in low-power FINCH channels [Ref. 12].
Figure 13 shows the noise signature functions of inlet and outlet flow fluctuations in
FINCH channel H05 with outlet temperature 305°C, which indicates that the coolant is
in non-boiling state (one-phase flow). The coherence is high over the 0 - 1.25 Hz frequency
range, and the phase difference is zero. In Figure 14 the same noise signature functions can
be seen for inlet and outlet flow fluctuations of FINCH channel L20 with outlet temperature
309°C. This channel is most likely in boiling (two-phase flow). Both the coherence and
the phase functions are significantly different form the prevoius case: structured coherence
and linear phase as functions of frequency.
The coolant in non-boiling state is incompressible, therefore the inlet and outlet flow
fluctuations occur simultaneously, in phase ("solid rod"). This leads to high coherence
and zero phase-shift between inlet/outlet flow fluctuations (see Figure 13). In boiling
FINCH channels the coolant becomes compressible, therefore the inlet flow fluctuations
propagate to the outlet with some time delay, which leads to a linear phase function
and a characteristic structure in the coherence function (see Figure 11). This phase and
coherence behaviour is typical and well-studied in light water reactors (in BWR, and in
certain PWR), where strong coolant density fluctuations are carried by the coolant flow.
The above observation gives an independent way of detecting coolant boiling in FINCH
channels based on flow noise measurements (as opposed to outlet temperature and flow
DC readings). The detection is based on the shape of the coherence and phase functions
between inlet/outlet flow fluctuations. Since these functions have a relative amplitude
scale, they are invariant to signal scaling factors and signal DC-offset bias. Therefore,
the noise-based method can be applied even if the flow meter is miscalibrated (conversion
factors and DC-readings are biased).
CONCLUSIONS
Noise analysis is being successfully applied in a wide variety of actual station problems as
a powerful troubleshooting and diagnostic technique. Noise measurements carried out in
the past two years proved that fault detection and validation of process/instrumentation
dynamics can be based on the existence of multi-channel complex patterns of statistical
noise signatures. A comprehensive database of these signatures have been established for

and coupling) can be explained by the dominance of the independent and random dips in
the SDS1-D flow signals superimposed on the normal and correlated fluctuations of the flow
signals. The occurence of signal dips in safety flow is random, no regular periodicity was
found. Also, the dips are uncorrelated between the four SDSl-D flow signals, indicating
that the dips are generated independently and locally in the flow channels. A subsequent
study [Ref. 10] showed that by applying a minimum necessary filtering (dampening) to the
SDSl-D Ap transmitter signals, the signals dips causing spurious alarms can be greatly
reduced. Since the noise measurements proved that the signals dips do not represent real
physical flow reductions in the PHT system, applying low-pass filtering to the transmitter
signals would not corrupt the signal dynamics.
VALIDATING ZONE CONTROL SIGNALS BY NOISE ANALYSIS
A wide range of reactor noise measurements were performed in 1992 and 1993 at DNGS
units. This involved extensive measurements and analysis of noise signals from 232 station instrument channels, such as in-core flux detectors, ion chambers, liquid zone level
indicators, pressure, flow and temperature transmitters in the reactor core, the primary
heat transport system and the moderator system. As part of this study, a two-week long
noise measurement was carried out in DNGS Unit 3 at various power levels to assess the
dynamic coupling between liquid zone control signals (14 zone level and 14 neutron flux
detectors), and to identify possible anomalies in the zones or their instrumentation. In-core
flux and liquid zone level signals in all the 14 zones were recorded simultaneously. Their
FFT-based statistical signatures (APSD, coherence and phase functions) were calculated
for all signal combinations and analyzed. Based on these functions we can estimate the
sensitivity of RRS flux detectors to the changes in. each of the individual liquid zone level
signal [Ref. 11].
Figure 10 shows a typical frequency dependent coupling between two zone level noise
signals (Zone 1 and 14). Fluctuations around 0.25 Hz are highly correlated (75% coherence)
and are almost in-phase. However, the slow fluctuations in zone levels below 0.1 Hz are
totally independent (zero coherence). The same consistent behaviour was found in all
zone-pair combinations. Figure 11 displays the dynamic coupling between a zone level
indicator noise signal and the in-core neutron flux detector located in the same zone (Zone
2). The very high coherence (90%) and the 90 degree phase shift indicate that the slow
changes (below 0.1 Hz) in the liquid zone level and neutron flux signals are deterministically
coupled, if they are located in the same zone. The 0.25 Hz wide peak shown in Figure 10
is also present between the same-zone level and flux fluctuations with 180 degree phase
difference. Similar functions are shown in Figure 12 for a liquid zone level indicator and
an in-core neutron flux detector located in different zones (Zone 1 and 5). In Figure 12
the same wide peak around 0.25 Hz can be seen in the coherence function, with opposite
phase. This wide peak represents a global and correlated coupling between zone control
signal fluctuations over the whole reactor core. Similar consistent patterns were found in
all possible zone combinations of zone level and flux signal fluctuations.
The Darlington noise measurements clearly showed that under normal conditions the
zone control signal fluctuations are statistically coupled. This frequency dependent dynamic coupling can be decomposed into local and global components. Once these complex

the standard instrumentation of CANDU units. Eventually, regular noise measurements
can be expanded to all operating units, and the technology can be transferred to station
personnel. Automated, on-line and dedicated noise-based monitoring systems can be developed and permanently installed in many CANDU sub-systems, including the secondary
side.
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Figure 1. Normalized auto power spectral density functions of in-core neutron flux noise
signals from 8 in-service and 8 spare detectors (SDS2-G, PNGS-B Unit 8, 1993)
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Figure 2. Normalized APSD, coherence and phase functions of neutron noise signals from
two SDS2 ICFD spare detectors located in the same horizontal detector tube
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PNGS-B Unit 6, 1992
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Figure 8. APSD, coherence and phase functions of pressure noise signals of reactor inlet headers
RIH3 and RIH9 located in different loops (north-south loops, PNGS-B, Unit 6, 1993)
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Figure 9. APSD, coherence and phase functions of pressure noise signals of reactor inlet
header RIH9 and outlet header RIH12 located in the same loop
(south loop, east-west flow, PNGS-B Unit 6, 1993)
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Figure 10. APSD, coherence and phase functions of noise signals from Zone 1 and Zone 14
level indicators, DNGS Unit 3, 1993
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Figure 11. APSD, coherence and phase functions of noise signals from the same zone:
Zone 2 level indicator and Zone 2 in-core flux detector, DNGS Unit 3, 1993
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Figure 12. APSD, coherence and phase functions of noise signals from different zones:
Zone 1 level indicator and Zone 5 in-core flux detector, DNGS Unit 3, 1993
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Figure 13. APSD, coherence and phase functions of inlet and outlet flow fluctuations in
FINCH channel H05 with outlet temperature 305° C
(non-boiling channel, DNGS Unit 3, 1993)
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Figure 14. APSD, coherence and phase functions of inlet and outlet flow fluctuations in
FINCH channel L20 with outlet temperature 309°C
(boiling channel, DNGS Unit 3, 1993)
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ABSTRACT
Photon-electron transport simulations were performed to calculate the spatial and energy
distributions of ionizing radiation deposited in a CANDU reactor channel. Two general purpose
Monte Carlo codes SANDYL and EGS4 were utilized, and their results were shown to be in
agreement with each other except when pair production was dominant - which is not of
importance to the CANDU reactor. Predictions of the gradients of the energy deposition
distribution near the coolant/solid (fuel and pressure tube) interfaces were found to be sensitive
to the size of the Monte Carlo scoring regions assigned in the adjacent coolant. It is
demonstrated that the commonly used method of using annular cells of materials to represent the
geometry of fuel channels tends to significantly (>50%) underestimate the amount of energy
deposition in the coolant near the fuel. The surface area of the solids surrounding the coolant,
and the geometry of the outer fuel pins in the CANDU fuel bundle were proved to be important
parameters in predicting the spatial distribution of energy deposition and these therefore need to
be simulated in detail. Results of calculations are presented for a number of monoenergetic
photon sources, and for a typical CANDU reactor photon source.

1.

INTRODUCTION

Reactor coolant decomposition (radiolysis) occurs in water cooled reactors as a result of exposure
to high radiation fields in the reactor core. Coolant radiolysis creates chemically reactive species
[1]. These chemical species characteristically have a corrosive effect on the reactors' components
in the Primary Heat Transport System. In a CANDU reactor channel, it is important to maintain
the integrity of the pressure tube. Coolant chemistry is controlled, using chemical additives such
as dissolved hydrogen to suppress radiolysis and the production of oxidizing species, and lithium
hydroxide to control activity transport and corrosion of carbon steel [2]. There is a critical
concentration of hydrogen below which radiolysis cannot be suppressed and above which
hydrogen uptake by the core materials (material hydriding) can be greater [2]. Determining the
critical amount of dissolved hydrogen has been traditionally based on operational experience and

a desire to work at lower hydrogen levels whenever possible. Operating conditions employed
to increase plant efficiency (such as operating at higher temperature and higher burnup, allowing
boiling, etc.), however, complicate the process of chemistry control because of the increased
number of factors affecting coolant chemistry.
In order to ensure the best performance of the reactor and its chemistry, the amount of dissolved
hydrogen must be accurately determined for different operating conditions. This can be achieved
by accurately predicting the chemical conditions of the coolant under different operating
conditions. The chemistry of the coolant depends mainly on the concentration of the chemical
species resulting from coolant radiolysis. Direct measurement of these chemical species is not
practicable due to the high temperature and radiation fields normally encountered in reactor cores.
Alternatively, computational coolant chemistry models are utilized [2]. Information on energy
deposition by different radiation particles is required in order to use these computer models of
the coolant chemistry [3].
The high energy radiation particles of interest in reactor cores are neutrons and photons.
Neutrons deposit energy in the coolant by interacting with the nuclei of the coolant atoms,
whereas photons predominantly interact with the atomic electrons. The recoil hydrogen/deuterium
and oxygen nuclei, which result from neutron interactions, are not transported far from the points
of interaction. However, due to their small mass, recoil electrons, produced in photon
interactions, can migrate far from their sites of birth, carrying energy to those parts of the system
that are accessible to electrons of their energy with their appropriate path length. It follows
therefore that energy deposition by neutrons can be easily calculated using any of the available
neutron transport codes developed by radiation physicists, but calculation of energy deposition
by photons requires transport simulations of both photons and electrons.
Photon-electron transport calculations can be performed using either deterministic or Monte
Carlo methods. In the deterministic approach, photon-electron transport simulation is performed
by solving coupled sets of multi-group photon-electron transport equations [4]. The numerical
methods that are commonly utilized for solving these transport equations, however, are not wellsuited for the complicated geometry that exists in a CANDU reactor fuel channel. As a
consequence, Monte Carlo photon-electron transport has been used. This method was previously
employed by Boss and McCracken [3] to calculate energy deposition distribution in an annular
geometric model of a CANDU reactor channel using the SANDYL code [5]. The rings of fuel
pins in the fuel bundle were represented by annuli of equivalent concentric cylindrical regions.
Particular attention was given to calculating the energy deposition in the coolant zone that
occupies the space between the pressure tube and the outer fuel sheath. This zone is called the
"outer coolant". The results obtained showed that, for most source energies, the energy
deposition in the coolant near the pressure tube was higher by about 35% than that in the region
adjacent to the fuel; also, the energy deposition in the outer coolant region monotonically
increased as the pressure tube was approached. This spatial distribution of energy deposition was
not what was expected. It seemed logical that the amount of energy deposition should be highest
in the coolant region adjacent to the fuel, due to its close proximity to the source of fission
photons in the fuel. Also, electrons emerging from the fuel were expected to deposit a
considerable amount of their energy in the adjacent coolant region. Boss and McCracken
expected to see a basket-shaped curve for energy deposition in the coolant rather than a radially
and monotonically increasing one. This work was therefore initiated to further investigate the
situation, and clarify the previously obtained results.

The first step was to ensure that the SANDYL code, which was originally developed for
simulating photon-electron transport in semiconductors, could adequately simulate the situation
in a CANDU channel. This channel is characterized by the inclusion of a low electron density
material (heavy water) between two materials of high electron density (fuel and pressure tube).
This sharp contrast in electron densities between adjacent zones causes problems in dealing with
the steep gradient in electron fluence at the interface between the metal and the water. A code
which was designed for low electron density objects, explicitly for radiotherapy of human tissue,
was utilized to validate the SANDYL code. This is the EGS4 code [6]. The code-to-code
validation process is discussed below.
2.

CODE-TO-CODE VERIFICATION

The first step in the verification process was to compare the results of the two codes for a simple
geometry. This was done to ensure that the codes got the same answer for the same physics,
without having to deal with the complications introduced by models of complex geometry. A
simple spherical geometry with spherical shells containing a variety of materials was employed.
The verification process was performed for materials that are similar to those encountered in a
CANDU reactor channel, viz., UO2, Zr and D2O. In order to examine the performance of the two
codes for different combinations of material interfaces, the order of high and low atomic number
materials in each spherical zone was altered. Different source energies were also utilized in the
validation. It was found that the discrepancies between energy deposition results of the two
codes lay within the statistical error associated with the results [7], except at high energies where
pair production is important. Also, the two codes agreed in predicting energy deposition for
different material interface conditions. This good agreement between the EGS4 and SANDYL
codes for the simple geometries indicated that the two codes handled equally well the particle
transport across interfaces between high and low electron density materials.
To further validate the SANDYL code, the annular CANDU channel geometry was
simulated using the EGS4 code. Initial simulation of the problem with the EGS4 code indicated
that the choice of the value of the energy cut-off, used in this code to terminate the electron
random walk, posed some difficulties. Low values of energy cut-off in the EGS4 code gave more
accurate results but took an excessively large execution time. On the other hand, it should be
noted that the SANDYL code is less sensitive to the value of energy cut-off due to its use of
energy-loss-straggling formulas to account for the statistical variation in the value of average
energy loss at low energies (i.e., energy loss due to soft collisions). Optimum values for the
cut-off parameters [8] were employed in the EGS4 simulation, as determined using the method
in reference 8.
Figure 1 shows the SANDYL versus the EGS4 results of energy deposition distributions in
the outer coolant, for monoenergetic photon sources in the outer fuel with three different energies,
namely 0.4 MeV, 1.5 MeV and 5.0 MeV. This Figure shows that the results of the two codes
are generally in agreement except at higher photon energies. This arises from the fact that the
two codes utilize different formulas for simulating pair production interactions [7]. This is not
important for the CANDU reactor's energy spectrum, for which most of the energy deposition
occurs by Compton interactions.
Given the agreement between the two codes, one can conclude that the results, and in
particular the shape of the spatial distribution obtained by Boss and McCracken [3], are genuine
characteristics of their model, and are not due to any artefact or anomaly in SANDYL. It was
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Figure 1: Comparison between the EGS4 and the SANDYL code for different photon
energies, with a photon source positioned in the outer fuel ring.

realized that some physical insight into the influence of important factors affecting energy
deposition mechanisms was needed if the shape of the energy deposition curve was to be
explained. All subsequent runs were done using SANDYL.
3.

EFFECT OF REGIONAL SUBDIVISION

It was surmised that the monotonically increasing energy deposition between the fuel and the
pressure tube might be a property of the size and number of regions used to tally interactions
(Monte Carlo scores) in the outer coolant zone. Wider spatial regions might underestimate the
energy deposition at the coolant boundaries, where higher energy deposition is expected because
of the current of energetic electrons flowing from the high to low atomic number material. The
spatial variation of energy deposition in the outer coolant was previously calculated in SANDYL's
annular simulation, using five equally spaced regions [3], The calculated energy deposition in
each region is obviously volume averaged over each region. It was thought that the scoring
regions might need to be further refined in order to better predict the energy deposition near the
pressure tube and the outer fuel, where a sharp gradient in the energy deposition is expected.
The question that subsequently arose was how small must the coolant regions be, before an
adequate estimate of energy deposition is obtained. An answer to this question was obtained by
doing a sensitivity analysis.
Different numbers of region subdivisions were utilized to calculate the spatial distribution
of energy deposition in the outer coolant region. The statistical uncertainties associated with the
results were analyzed for each case [7]. Figure 2 shows the spatial distribution of energy
deposition in the outer coolant zone for different, numbers of subdivisions with a 1.5 MeV source
in the outer fuel ring. As expected, a smaller region size better predicts the energy deposition
gradient near the fuel. It was found, however, that the statistical uncertainties associated with
scoring in very small regions (e.g. 25 subdivisions) were larger — a statistical error of about 10%
was obtained [7], whereas only 5% was obtained for fifteen subdivisions. Figure 2 also shows
that the spatial distribution of energy deposition near the pressure tube does not further change
when more than fifteen subdivisions are utilized. These calculations were repeated for other
source energies. It was concluded fifteen is the optimum number of regional subdivision needed
for the accurate prediction of energy deposition gradients near the solid/liquid interfacial
boundaries in the CANDU model.
Although use of this increased number of regions resulted in predicting a steeper gradient
for energy deposition near the pressure tube and fuel, it did not greatly affect the shape of the
energy deposition curve. This still varied significantly from the expected basket-shape. Further
understanding of the phenomenon was necessary.
4.

LUMPED-PARAMETER MODEL

A "lumped-parameter" model has been used to explain energy deposition in the outer coolant of
the CANDU reactor channel as a function of simple system parameters. Assuming that electrons
emitted from the surrounding solids deposit all their energy in the coolant, energy deposition in
the coolant near a solid boundary can be expressed as:
Se = a E$rVEe

(1)
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Figure 2: The spatial distribution of energy deposited in the outer coolant region
for annular channel geometry with different numbers of sub-regions.

where Se is the kinetic energy given to secondary electrons produced in the solid per unit time; a
is a proportionality constant; £(J) K is the photon interaction rate in a region of volume V; Z
is the cross section of the photon-electron interaction; (b is the gamma flux at the solid surface
in contact with the coolant; and Ee is the energy of the emerging electrons. The electron range,
ke, can be used to define an effective volume inside the solid fuel or pressure tube, from which
electrons can reach the appropriate coolant zone. The number of electrons which travel towards
the coolant is proportional to the surface area at the solid/coolant interface. Therefore, energy
deposition in the coolant, near a solid boundary, Es, can be approximated by the following
relationship:
C x

x A x Xe

(2)

where C is another proportionality constant, Ae is the average electron range inside the solid,
and A is the surface area of the solid at the coolant interface. The above simple model ignores
electron transport inside the coolant. Electrons of sufficiently high energies can travel far away
from the originating solid into the coolant, so that electrons emerging from the pressure tube may
deposit a portion of their energy in the coolant next to the fuel and vice versa. This "crosstalking" effect is a function of the source energy and source location.

Based on the above model, the factors that affect energy deposition in the outer coolant of
a CANDU channel are the photon source energy, source location and solid surface area. The
source energy determines the value of photon interaction cross sections, the maximum electron
range inside the solids, and the amount of cross-talk. The source location influences the crosstalking effect. The solid surface area governs the electron leakage from the surrounding solid
into the coolant zone.
Aided by this empirical model and equation (2), it was realized that the approximation
introduced by using an annular representation of the outer fuel elements in the CANDU reactor
channel, as done in reference [3], was the reason for the observed behavior of the energy
deposition in the outer coolant. The annular representation of the fuel zones by rings of
equivalent volume resulted in a reduction of the surface area of the fuel, A, in equation (2).
This, in turn, reduced the amount of energy deposition in the coolant near the fuel. In fact, it
was found that in agreement with equation (2), the ratio of energy deposition in the coolant
region adjacent to the fuel to that adjacent to the pressure tube was about equal to the ratio
between the surface area of the annular outer fuel ring and the pressure tube surface area. It was
concluded, therefore, that a more detailed representation of the fuel in the CANDU reactor
channel geometry was needed, if a more realistic distribution of energy deposition in the coolant
was to be obtained. When this was done there were further consequences, as will be seen. The
descriptions of the detailed geometry and subsequent simulation results are given below.
5.

MULTI-PIN CANDU CHANNEL GEOMETRY

In an annular representation of the fuel and fuel channel, electron leakage from the outer fuel pins
can significantly affect energy deposition in the outer coolant, but electrons generated from the
inner fuel pins contribute little to energy deposition in this coolant region. This is because
electrons emerging from inner fuel rings are almost completely absorbed by the outer fuel rings
before reaching the outer coolant. The same is true for low energy gamma rays. It can be argued
that detailed simulation of the inner fuel pins is not important to coolant between the fuel and
pressure tube, but the change from an annular outer fuel ring to individual pins leaves gaps
through which electrons and gamma rays can escape, and this is important.
In order to assess the effect of increasing the outer fuel surface area, and the effect of
having gaps between the fuel pins on predicting energy deposition in the outer coolant, the outer
fuel ring was accurately simulated by using individual pins as shown in Figure 3. Note that with
this particular geometry, the annular representation of the inner fuel elements was retained.
Energy deposition was scored in the outer coolant, between the intermediate fuel ring and the
pressure tube, including the coolant between the outer fuel pins. The results obtained using this
multi-pin outer fuel channel geometry are compared here with the results obtained using a
completely annular geometry. Two photon source locations were independently utilized: one
located in the eighteen outer fuel pins and the other located in the pressure tube region. No
reflective boundary was necessary for these calculations. The simple empirical model previously
discussed is useful as an aid in interpreting the results.
It should be emphasized that the parameters Z and \ in equation (2) are not affected by
the change in the representation of the geometry. This is because the channel material and the
source energy were kept unchanged. It follows that any change in the energy deposition, as a
result of the change to multi-pin geometry, must be attributed to the change in the parameters^
and A, in equation (2), and the increased electron flux from the greater fuel volume within \
of the surface.

Central Fuel
Outer Fuel Pin
Inner Fuel Ring
Intermediate Fuel ringx
Fuel Seath

Figure 3:

A cross section of the multi-pin CANDU reactor channel geometry.

Figure 4 shows the results for energy deposition using the detailed multi-pin representation
of outer fuel and the completely annular representation. These results were obtained using a
monoenergetic source of 1.5 MeV in the outer fuel pins. Using the new more detailed geometric
configuration, energy deposition near the fuel has increased significantly, while that near the tube
has also increased slightly in comparison with results for the old annular geometry. The new
spatial distribution of energy deposition now shows a distorted basket-shape as originally
expected; i.e., energy deposition peaks near the solid boundaries and reaches a minimum in the
centre of the outer coolant.
The increase in energy deposition near the fuel in the new geometry, compared to the
annular geometry, is attributed to the increase in the fuel surface area, A, in the multi-pin
channel geometry, and the sandwiching of coolant between pins. This increase in surface area
has resulted in an increase in the photon escape flux, 4>Y, at the surface of the fuel. More
photons are allowed to reach the coolant in contact with the fuel surface. The increase in the fuel
surface area also results in an increase in electron leakage from the fuel surface to the adjacent
coolant regions.
The net effect of these factors is an increase in energy deposition by a factor of 1.56, when
the deposition in the coolant regions closest to the fuel are compared in figure 4 (note that the
surface of the outer fuel occurs in a different place for the two geometries). This change is
approximately equal to the square of the increase in the fuel surface area, (1.25)2 = 1.56. The
slight increase in energy deposition near the pressure tube, shown in Figure 4, is attributed to the
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Figure 4:

Comparison of calculations for multi-pin and annular CANDU channel geometry
with a 1.5 MeV source positioned in the outer fuel ring. The lines are for use in
locating related data points, and they probably do not represent the real data
profile, especially when they are spaced far apart as in the multi-pin curve.

Figure 5 shows the energy deposition in the outer coolant regions for the case where a
photon source of energy 1.5 MeV is located inside the pressure tube. It can be seen here that
there is in fact a decrease in energy deposition near the fuel for the multi-pin geometry. Again
this is because of a secondary cross-talk effect. Although the surface area has increased, the
number of photon interactions taking place inside the outer fuel has decreased relative to the
situation with annular geometry. This is attributed to the presence of gaps between the fuel pins,
so that fewer photons are captured by the fuel pins relative to the situation with annular
geometry.
In a reactor channel, the photon source exists everywhere in the channel, due to the
generation of gamma-rays by neutron capture and fission-product decay. In order to calculate
the total energy distribution in the outer coolant of a CANDU fuel channel, a typical
photon-source energy and spatial distribution must be provided. Since the photon source strength
depends on the amount of fuel burnup as well as the location of the channel within the reactor
core, neutron-photon transport calculations are required to determine the photon source
distribution in a particular channel. A source distribution, previously calculated in reference [3],
is used here with the multi-pin channel geometry for a 611 kW channel power. This photon
source includes a boundary source which gives a flux equivalent to that coming from surrounding
fuel channels.
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Figure 5:

Comparison of calculations for multi-pin and annular CANDU channel geometry
with a 1.5 MeV source positioned in the pressure tube. The lines are for use in
locating related data points, and they probably do not represent the real data
profile when they are spaced far apart as in the multi-pin curve.

The total energy deposition in the outer coolant calculated for the photon source distribution at
a channel power of 611 kW is shown in Figure 6. For comparison, Figure 6 also shows results
previously obtained for the fully annular geometry [3]. The originally- expected basket-shape is
very pronounced in the multi-pin channel simulation results. The increase in energy deposition
near the outer fuel is attributed to the change in the surface area associated with the simulation
of individual pins in the outer fuel ring, and the effect of more gamma rays from inner fuel pins
reaching the outer coolant through the gaps in the pins. The increased energy deposition next
to the pressure tube occurs as a result of the increased gamma flux at the pressure tube when
accurate multi-pin modelling is done.
6.

CONCLUSION

The Monte Carlo transport codes, SANDYL and EGS4, were both shown to be suitable for use
for calculating energy deposition in the CANDU reactor fuel channel. The two codes produced
similar results. However, the SANDYL code is less sensitive to the cut-off energy utilized for
terminating the random walk of electrons. Hence, it requires less computational effort than the
EGS4 code. Therefore, the SANDYL code is recommended for use in photon-electron transport
simulations for the CANDU reactor channel.
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Figure 6:

Energy deposition in the coolant of a CANDU reactor channel for a typical
CANDU channel source distribution at a channel power of 611 kW. The lines are
for use in locating data sets, and do not indicate the expected data profile.

The study of factors affecting the spatial distribution of energy deposition in the outer
coolant of the CANDU reactor channel indicated that the region sizes assigned for scoring energy
deposition in the outer coolant must be optimized to accurately predict the energy deposition
gradient at the solid/coolant interfaces.
Annular geometry does not give a true picture of energy deposition. Accurate multi-pin
geometry must be used. SANDYL is limited in the number of regions that it can handle, so we
are now setting up a model using the Monte Carlo Neutron and Photon Transport code (MCNP),
which should be able to do a more detailed calculation.
Calculations of energy deposition using the Monte Carlo method for a typical source
distribution require very large amounts of simulation time. Moreover, these calculations need to
be performed for each channel site and reactor power level. The use of the Monte Carlo
simulation can then become prohibitive. To get around this problem, we are currently developing
a simplified calculational method [9]
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1.

ABSTRACT

Experiments are planned in the ZED-2 reactor to measure the reactivity change resulting
from the loss of coolant in channels containing coolant and fuel at conditions that simulate
those found in an operating CANDU* reactor. For reasons of economics, substitution
measurements will be employed for the study. The purpose of the present work is to
establish the accuracy of the substitution method.
The substitution method has been used to measure critical bucklings for lattices consisting of
28-element uranium-dioxide assemblies, 7-element uranium-dioxide assemblies, and 19element uranium-metal assemblies. Two test-fuel coolants were studied: heavy water and
air. The test channels were arranged hexagonally at a 31-cm spacing, and were driven by
channels containing 28-element uranium-dioxide bundles.
The bucklings are compared to previous results derived from flux-map measurements in
uniform lattices. The comparison shows that the substitution-derived buckling-change-onvoiding results for all three test-fuel types are accurate, within the reproducibility error
associated with the flux-map method. These results demonstrate the suitability of using the
substitution method to study void reactivity in CANDU-type channels.

* CANDU: CANada Deuterium Uranium. Registered Trademark.

2.

INTRODUCTION

Many of the physics data for CANDU reactors are measured in the ZED-2 reactor at Chalk
River Laboratories. In the past, ZED-2 experiments have been performed with a sufficient
number of fuel assemblies to construct uniform critical lattices. Recently, there has been an
increased requirement to perform measurements using assemblies with special characteristics,
and there is an economic incentive to use fewer test assemblies for physics experiments.
The current focus of the ZED-2 program is to study void reactivity in CANDU. The goal is
to obtain experimental data appropriate to conditions in an operating power reactor. These
data are to be used as a check against the reactor-physics codes and associated data bases
used in the study of loss-of-coolant accidents.
Examples of test assemblies used for void reactivity studies include: fuel channels modified
to allow for the continuous variation of coolant density, channels in which stratified flow
conditions are simulated, assemblies adapted to allow for void-reactivity measurements at
CANDU-coolant temperatures and pressures, and mixed-oxide (MOX) fuel containing
plutonium (and possibly simulated fission products) that resembles CANDU fuel at midburnup.
A non-uniform critical lattice, containing only a few special assemblies, can be used to study
the reactivity effects caused by channel voiding by employing the substitution method. The
method involves the systematic substitution of the test assemblies into a reference lattice, and
observing the resulting change in lattice critical size as the substitutions proceed. Void
reactivity is studied by performing the substitutions using both heavy water and air (void)
coolant in the test assemblies.
To establish that substitution void-reactivity experiments can be used as a viable alternative
to full-core flux-map experiments, substitution studies have been performed in the ZED-2
reactor using a number of different test assemblies. This paper describes the basic approach
used in performing both a typical flux-map experiment and a substitution experiment.
Substitution-derived buckling-change-on-voiding results for various test assemblies are
presented, and compared to results obtained from full-core flux-map studies. The
comparisons are used to demonstrate the applicability of the substitution method for
measuring void reactivity for CANDU-type channels.
3.

EXPERIMENTAL SET-UP AND PROCEDURE

3.1

General Description of the ZED-2 Reactor

The ZED-2 research reactor is a tank-type critical facility used primarily to study the physics
of heavy-water-moderated lattices. It consists of a cylindrical aluminum calandria,
approximately 3.3 m in diameter by 3.3 m deep. Fuel assemblies are suspended from
movable beams that are positioned across the top of the reactor. The reactor is made critical
by pumping moderator into the calandria, and is controlled by adjusting the moderator level.
Typical moderator critical levels (calandria floor to moderator surface) range from 200 to
250 cm.

ZED-2 is a flexible facility, allowing experimental assemblies to be easily inserted, removed,
and rearranged. The maximum allowed reactor power is 200 watts. This corresponds to a
neutron flux of about 109 n cm"2 s'\ which is sufficient for performing foil activation
experiments, but low enough that the fuel does not become significantly activated.
Accessibility to the core is therefore possible soon after reactor shutdown.
Figure 1 shows a plan view of the standard ZED-2 lattice. The fuel charge is 275 naturaluranium-dioxide 28-element bundles that are contained in pressure/calandria-tube assemblies.
The channels are arranged in a hexagonal lattice at a 31-cm spacing (equivalent to the square
pitch of CANDU pressurized heavy-water reactors). The lattice is surrounded, both radially
and below, by heavy-water and graphite reflector.
Figure 2 shows a plan view, and a vertical cross section, of a standard assembly. The
bundle geometry is Pickering-type, and each assembly contains a five-bundle string, with the
bottom of the fuel suspended 15 cm above the reactor floor. An endplug opening at the
bottom of each assembly allows moderator into the "channels", to provide "coolant" for the
fuel. When the endplugs are inserted, moderator is prevented from entering the channels, so
that the fuel remains voided. The 28-element assemblies are described in reference 1.
3.2

Measuring Lattice Critical Size by Flux Map

If a sufficient amount of fuel is available to construct a uniform critical lattice, it is possible
to measure lattice buckling directly by performing a flux-map experiment. The procedure is
to position detector foils interstitially across the lattice (see Figure 1), and then operate the
reactor to activate the foils.
Pure-metal copper foils are typically used for flux-map experiments and the reaction
Cu63(n,7)Cu64 is employed to activate the foils. The cross-section curve for this reaction is
one-upon-v and the activation data are used to map out the global flux shape, both radially
and axially through the lattice.
Figures 3 and 4 show plots of (relative) activation data obtained from an experiment to
measure the critical buckling for the standard ZED-2 lattice. For this experiment, the bottom
endplugs were removed from the channels so that the fuel was cooled with heavy water.
The radial buckling is determined by fitting the activation data radially to a Bessel function.
The fitted curve is used to extrapolate to the point of zero flux, which defines the
extrapolated radius of the lattice, R,,,.
The axial buckling is determined by fitting the activation data axially to a cosine function.
The cosine curve is used to extrapolate to the zero-flux points, above and below the lattice.
The distance separating the upper and lower extrapolated boundaries defines the extrapolated
height of the lattice, H ev
The lattice critical buckling, B2, is obtained from the extrapolation boundaries using the
following expression:
B2 = (2.405/RJ 2 +

3.3

Measuring Lattice Critical Size Using the Substitution Method

Often, flux maps cannot be used to measure the critical buckling for a test lattice, either
because of cost or because of the critical size of the lattice. An alternative method has been
developed which uses smaller quantities of fuel than are required to make a uniform critical
assembly, yet which allows the critical buckling to be determined. This "substitution"
method typically uses seven channels (35 bundles) of the test fuel.
The critical size of a test-fuel lattice is determined by systematically substituting test-fuel
assemblies into a reference lattice, and observing the change in lattice critical size as the
substitutions proceed.
Figure 5 shows a plan view of a substitution lattice. The seven centre channels make up the
substitution region. These are surrounded by "driver" channels containing reference fuel
with known properties (measured previously by flux map). Also shown are the various
configurations of test and reference fuel in the substitution region used for a typical
substitution experiment.
A pure lattice containing only reference fuel is measured initially and the reference-lattice
critical size is determined. The centre channel in the lattice is then replaced with a channel
containing test fuel, and the critical size of the one-rod substitution lattice is measured.
Measurements are then performed using three-, five-, and seven-rod substitution
configurations.
Figure 6 shows a plot of moderator critical-height data versus the number of substitution
channels obtained from a substitution experiment to measure the critical buckling for the
standard ZED-2 lattice. The critical height for zero substitution rods corresponds to the
reference-lattice measurement. The reference fuel for this experiment is air-cooled 28element uranium-dioxide bundles, in channels arranged at a 31-cm spacing. The test fuel is
heavy-water-cooled 28-element assemblies. The substitutions thus involve replacing aircooled channels with heavy-water-cooled channels.
Some information concerning the fuel can be derived immediately, without resorting to a
detailed analysis of the critical-height data. For example, the fact that the critical height
increases with the number of substitution channels indicates that the flooded fuel is less
reactive than the voided fuel, implying a positive void coefficient. However, precise
information concerning the critical buckling for the flooded lattice, and the buckling-changeon-voiding, requires detailed analysis, using a core code.
3.4

Analysis of Substitution Experiments

The core code used for the substitution analyses described in this work is the 3-D diffusion
code CONIFERS [2], using cell parameters provided by the lattice code WTMS-AECL [3].
CONIFERS has a number of properties that make it particularly suitable for substitution
analysis: geometrical flexibility, flexibility of reactivity scales, and the ability to use any
number of energy groups. The present study used four energy groups and modelled the
lattice using homogenized cells, employing the finite-difference method.

The first step is to perform a calculation that models the reference lattice. Boundary
conditions are set, and neutron-production rates in the reference fuel are adjusted to make the
model consistent with experiment. The requirement is that the calculated flux shape in the
reference lattice agrees with that measured (by flux map), and that neutron balance is
achieved in the calculation (i.e., k-effective calculated for the reference lattice is unity). The
calculation yields a parameter that is used to renormalize the neutron yield in all cells
containing reference fuel in subsequent substitution-lattice calculations.
The substitution lattices are modelled using the measured moderator critical heights to define
the lattice critical size for each calculation. The reference-fuel neutron yield is renormalized
according to the reference-lattice calculation, and the neutron yield in all cells containing test
fuel is renormalized so that neutron balance is achieved for each substitution-lattice
calculation.
The renormalized neutron yield for the test fuel, derived from each substitution-lattice
calculation, is affected by neutron interaction between adjacent reference- and test-fuel
assemblies. First-order perturbation theory can be used to define a contamination parameter
that specifies the amount of interaction. The contamination parameter is equal to the average
number of reference-fuel assemblies that are adjacent to each test-fuel assembly.
The renormalized neutron yields from each substitution-lattice calculation are plotted versus
the contamination parameter, and a fitted curve is used to extrapolate to the point of zero
contamination. This point corresponds to the renormalized neutron yield appropriate for a
uniform-lattice calculation. Weighting factors, equal to the square of the number of
substitution channels in each lattice, are used for the fitting procedure. This weighting is to
account for the increased accuracy of the substitution data as the number of substitution
channels increases.
At the end of the procedure, CONIFERS can be used to calculate the global flux shape in a
(hypothetical) uniform test-fuel lattice. A Bessel- and cosine-function fit to the calculated
flux shape defines the critical buckling for the test fuel.
3.5

Results of the Analysis

Figures 7 and 8 show plots of C/E (calculation-upon-experiment) ratios, comparing measured
and calculated copper-capture rates in the reference lattice (voided 28-element assemblies)
used for the above experiment. The ratios in Figure 7 compare the calculated radial flux
profile to the experimental data, and Figure 8 compares the calculated axial flux profile to
the experiment. The typical discrepancy between calculation and experiment is under 1
percent (and never greater than 2 percent), indicating that leakage is being modelled correctly
in the calculation.
A flux-map experiment was performed in the seven-rod substitution lattice (seven flooded 28element assemblies driven by voided 28-element assemblies) to check that the flux shape
calculated by CONIFERS is consistent with that measured. Figures 9 and 10 show plots of
CONIFERS-calculated C/E ratios for the radial and axial copper-capture rates, respectively.

The good agreement between calculation and experiment shows that the code is correctly
calculating leakage in the lattice, and is reasonably successful in calculating the interaction
between the flooded and voided assemblies.
The flux shape predicted for the uniform lattice of flooded 28-element assemblies, derived
from the substitution analysis, is compared to the measured copper-capture data obtained
from the flux-map buckling measurement (described in section 3.2). C/E ratios for the
radial and axial copper-capture data are plotted in Figures 11 and 12. The good agreement
between the prediction (based on the substitution analysis) and the copper-capture rates
(measured in the standard lattice) demonstrates the applicability of the substitution method.
Figure 13 shows a plot of the buckling-change-on-voiding for the 28-element fuel, derived
from the substitution of flooded assemblies into a voided reference lattice. Also plotted are
results from a similar experiment involving the substitution of voided 28-element uraniumdioxide assemblies into a flooded reference lattice.
The buckling data are plotted versus the contamination parameter appropriate to each
substitution configuration. The buckling data correspond to the renormalized neutron yields,
obtained from each substitution-lattice calculation. The data are least-squares fitted and the
fitted curve is used to extrapolate to the point of zero contamination, corresponding to a
uniform lattice of the test fuel.
The agreement between the substitution-derived buckling change and the flux -map result is
excellent. The uncertainty for the flux-map result is based on the reproducibility error for
flux-map measurements. Both substitution-derived results agree with the flux-map result,
within this reproducibility error.
4.

SUBSTITUTION MEASUREMENTS USING 7-ELEMENT URANIUM-DIOXIDE
ASSEMBLIES AND 19-ELEMENT URANIUM-METAL ASSEMBLIES

4.1

Outline

Similar substitution measurements were performed using 7-element uranium-dioxide
assemblies and 19-element uranium-metal assemblies as the test fuel. Figure 14 shows plan
views of the test assemblies, which are described in references 4 and 5.
The reference lattice for these measurements comprised 28-element uranium-dioxide
assemblies, arranged at a 31-cm spacing. Experiments were performed using both heavywater and air coolant in the reference lattice.
Two sets of substitution experiments were performed. Initially, the test assemblies were
cooled with heavy water. The measurements were then repeated with air coolant to study the
reactivity effect of voiding the test channels.

4.2

Results and Conclusion

The results of the substitution analyses are plotted in Figures 15 and 16, and compared to
results obtained from full-core flux-map experiments [4,5]. In all cases, the buckling change-on-voiding derived from the substitution experiments agrees with results obtained by
flux map, within the reproducibility error for the flux-map method. The major conclusion of
the present study is that the substitution method can be used to measure buckling change due
to channel voiding with an accuracy equivalent to that achievable using flux maps.
5.
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Figure 3 - Radial copper-capture distribution measured in the standard lattice
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Figure 4 - Axial copper-capture distribution measured in the standard lattice
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Figure 7 - CONIFERS-derived C/E ratios for radial copper-capture distributions
measured in the reference lattice (voided 28-element UO2)
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Figure 8 - CONIFERS-derived C/E ratios for axial copper-capture distributions
measured in the reference lattice (voided 28-element UO2)
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Figure 9 - CONIFERS-derived C/E ratios for radial copper-capture distributions measured
in the seven-rod substitution lattice (flooded and voided 28-element UO2)
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Figure 10 - CONIFERS-derived C/E ratios for axial copper-capture distributions measured
in the seven-rod substitution lattice (flooded and voided 28-element UO2)
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Figure 11 - C/E ratios comparing substitution-derived CONIFERS calculations to radial coppercapture distributions measured in the standard lattice (flooded 28-element UO2)
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Figure 12 - C/E ratios comparing substitution-derived CONIFERS calculations to axial coppercapture distributions measured in the standard lattice (flooded 28-element UO2)
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Figure 13 - Comparison of substitution-derived buckling-change-on-voiding, using
the 28-element assemblies, to a measurement obtained by flux map
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Figure 14 - Plan views of the 7-element and 19-element test assemblies

7-ELEMENT URANIUM-DIOXIDE FUEL

0.20 rr

SUBSTITUTION INTO
VOIDED LATTICE
SUBSTITUTION INTO
FLOODED LATTICE

0.05

3

1 2

4

5

CONTAMINATION PARAMETER

Figure 15 - Comparison of substitution-derived buckling-change-on-voiding, using
the 7-element assemblies, to a measurement obtained by flux map
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Figure 16 - Comparison of substitution-derived buckling-change-on-voiding, using
the 19-element assemblies, to a measurement obtained by flux map
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ABSTRACT

This research effort is being conducted to evaluate the use of membrane technology for the
separation of tritium (via HTO) from sources containing HTO as a contaminant. Experience
with membrane systems in industry indicates that they are inherently energy efficient. Due to
the large volumes of contaminated water at U.S. Department of Energy sites, such energy
efficiency would be welcome. Aromatic polyphosphazenes were chosen as the polymeric
material for the membranes being investigated because they have been shown to possess
excellent radiological, thermal and chemical stability
We prepared poly(diphenoxy)phosphazene (PNX) and several carboxylated derivatives. Each
polymer was solvent caste from dioxane onto polyethylene terephthalate support material.
These composite membranes were tested with water containing 10 pCi/mL HTO under deadend filtration conditions. The PNX provided separation (depletion) of HTO up to 36%
throughout the temperature range of 2°-25°C. The 10% carboxylated PNx-membrane has
shown HTO separation (depletion) up to 74% at 2°-4°C. However, little HTO depletion has
been observed with this membrane at 25°C or 35°C. The membrane containing 5% carboxylgroups appeared to present a similar depletion and temperature response. Higher carboxyl
content (20% and 30%) was less efficient.
The results of this study indicate that very low concentrations of HTO can be separated from
water using polyphosphazene membranes. Continuing work will be performed with crossflow membrane cells (to mimic reverse-osmosis conditions) and with higher concentrations of
HTO.

2.

INTRODUCTION

This paper discusses the use of membrane technology to separate tritium (HTO) from water.
The current and ongoing need for this technology is demonstrated by the continued production
of tritiated water (HTO and self-radiolyzed T2O) in the ppm range in the light water coolant
of nuclear power plants by neutron emission/capture mechanisms from uranium fission.
Furthermore, similar concentration levels are expected in the coolant of fusion reactors. For
example, the International Thermonuclear Experimental Reactor, particularly the current
prototype projected for completion in 2006, can be expected to have the same need for the
separation of HTO from coolant.1 HTO is also produced during nuclear fuel reprocessing by
neutron adsorption, sequentially first by light water to HDO, then to HTO or other species.
A comparison of current separation technologies, available for tritium at >1 Ci/L, has been
reported by Kalyanam and Sood.2 Separation systems, such as catalyzed hydrogen-isotope
exchange, will require enormous power consumption to remove the low concentrations of
HTO currently present at the reprocessing and fuel storage sites. Since tritium in HTO emits
mild beta radiation (5.4 Kev, average), its removal from these point sources and, ultimately,
ground water is necessary to prevent environmental release, as well as to provide protection
for reactor and processing personnel.
Large separation factors can often be obtained by pervaporation through membranes even for
liquids with close boiling points.3 The physical properties of light and heavy water are
sufficiently different to suggest useful separation factors; the properties include diffusion
coefficients, vapor pressures, and surface tensions." Thus, the membrane separation of HTO
from water is based on the mass and vapor pressure differences between water and HTO.
During earlier studies of barrier materials for hydrogen isotopes, it was observed that the
permeability of tritium was lower than deuterium or hydrogen through brominated
acrylonitrile-butadiene copolymer (NBR).5 It was assumed that this difference was a result of
the lower diffusivity by virtue of the larger molecular mass of tritium. However, the ratio of
diffusion coefficients for deuterium and hydrogen differ from purely molecular weight-based
predictions.6 Molecular size difference appears to satisfy the observed deviations from
theory.
Hollow fiber polyimide membranes have been used to separate tritium from moist air in
support of fusion research.7 Cellulose acetate membranes have been used to separate
deuterium oxide (200 ppm enriched) from light water under pervaporation conditions (reduced
pressure at the downstream).8 Pervaporation was more effective (a, 1.08) at lower
temperatures and pressures (20°C and 6 Torr). Transition to an ultrafiltration mechanism was
proposed for higher temperatures and pressures. Similar mechanistic change was shown to
occur with the separation of 50% D2O from H2O with downstream pressures of 260 Torr and
temperatures of 65°C.9 At this higher temperature and pressure, the flow through the
cellulose acetate membrane was slow, since an ultrafiltration mechanism was assumed to
predominate. However, the flow increased near the boiling point of the liquids where
pervaporation predominated.

An extension of this research used polytetrafluoroethylene (PTFE) membranes for both H/D
and 16O/18O separations within water.10 The separation of the oxygen-isotopes was greater
than those for the hydrogen-isotopes, which suggest different mechanisms for the
pervaporation processes. For similar temperatures and pressures, the hydrophobic membrane
gave enhanced separation compared to a cellulose acetate membrane. Preliminary engineering
calculations have been reported for the separation of D2O from H2O using the PTFE
membranes in counter-current cascades.11
Polyphosphazenes were chosen as the polymeric material for the membranes in the current
investigation because they have been shown to possess excellent isothermal stability to
320°C12 and selected types, especially poly[bis(phenoxy)phosphazene], were permeable to
alcohols.13 Furthermore, these polymers are chemically resistant to various solvents and are
film-forming thermoplastics.14 Polyphosphazenes, which possess aliphatic C-H bonds in the
side-group structure, are susceptible to cross-linking induced by i-radiation.15 However,
polyphosphazenes with aryloxy side groups provided very low scission or cross-linking yields
when exposed to x-radiation,16 especially if no halogen or alkyl-groups were substituted on
the aryl-group. Furthermore, anilino side groups, such as 4-ethylanilino, were found to be
extremely radiation insensitive to t-radiation, even at temperatures well above the Tg.17 It
should be noted that the radical species caused by ionizing radiation with poly[bis
(p-tolylamino)phosphazene] had been previously examined.18
In the present investigation, our choice of polymers was based upon experience with
poly[bis(4-carboxylatophenoxy)phosphazene]. This polymer, containing 100% carboxylated
phenoxy-groups, is soluble in dilute aqueous base.19 In contrast, poly[bis(phenoxy)
phosphazene] is stable (not soluble) in the presence of water from pH 1-12.20 However, the
bisphenoxy polymer can be forced to permeate water if subjected to 343.5 kPa (50 psi).21
The solubility of polyphosphazenes containing various amounts of carboxyl functionality
cannot be directly derived from these previously prepared polymers. For example,
bis(phenoxy)phosphazenes containing 35% carboxyl are not soluble in aqueous base (to pH
12), boiling dioxane, ethanol, or tetrahydrofuran.22 Other functional groups attached to the
phenoxy group, which may prove useful to this work, are methoxy, hydroxyl, and quaternary
ammonium. Both poly[bis(4-methoxyphenoxy) phosphazene] and poly[bis(4hydroxyphenoxy)phosphazene] have been prepared.23 The 4-hydroxyphenoxy functionality
was prepared by reacting (deblocking) the 4-methoxyphenoxy groups with BBr3. The 100%
phenolic polymer is soluble in dilute base. It was noted that the hydrophilic character of the
polymer increased with higher degrees of methoxy deblocking.
3.

EXPERIMENTAL

Reagents
Poly[bis(dichloro)phosphazene] was obtained as a 12% solution in a proprietary solvent from
the Ethyl Corporation. Since this polymer is quite moisture sensitive, all manipulations
involving it were performed under dry nitrogen in a glovebox or within Schlenk glassware.
Anhydrous solvents (ethanol, tetrahydrofuran, dioxane, and heptane) were obtained from
Aldrich Chemical Corp. and cannulated from the Sure-SealR containers under nitrogen.

Sodium hydride was obtained as a 60% suspension in mineral oil. Ethyl 4-hydroxybenzoate
was recrystallized from dichloromethane and hexane. Water containing 10,800 pCi/L was
obtained from well 6-S19-E13 at the Hanford Site, Richland, Washington. The pH of this
water was 8.0. Since the HTO level was below the 20,000 pCi/L required as the U.S.
Environmental Protection Agency drinking water standard, no radiation protective measures
were required for this work.
Poly[bis(diphenoxy)phosphazene]
The diphenoxypolyphosphazene was prepared using a modification of Singler's procedure,24
which has been described previously.13'21 To the sodium hydride (NaH) suspension (3.7 g,
0.15 mole) was added 50 mL of pentane to remove the mineral oil. The washed NaH was
resuspended in 250 mL of dry dioxane and 150 mL of dioxane containing 14.6 g, 0.155 mole
of phenol and 0.2 g of tetrabutylammonium bromide was added. Upon completion of the
reaction (evolution of hydrogen), a light brown solution remained. Added dropwise to this
solution was 9.0 g, 0.078 mole of poly[(dichloro)phosphazene] in 150 mL of tetrahydrofuran
(thf). The solution was stirred for 1 hr at 23°C, then refluxed for an additional 48 hrs. After
cooling, the volume of the solution was reduced by half, in vacuo, and poured into 500 mL of
water. The precipitated polymer was removed from solvent and redissolved in 300 mL of thf
by stirring at 25 °C for 3 hrs. The solution was rotary evaporated to again remove half the
solvent. This solution was poured into 400 mL of petroleum ether. The polymer was
removed and dried in vacuo. The dried polymer (14.3 g) represents an 80% yield of the
polymer.
Poly[(carboethoxylatophenoxy)00S(phenoxy)095phosphazene]
The following procedure is similar to that described above, however, the carboxyl group is
obtained with the addition of another phenolate nucleophile, that is, ethyl 4-hydroxybenzoate.
Thus, this polymer, containing 5% carboxyl groups was prepared in the following manner and
used mixed thf and dioxane solvents. To an NaH suspension (3.7 g, 0.15 mole), 50 mL of
pentane was added to remove the mineral oil. The washed NaH was resuspended in 100 mL
of dry dioxane. To this suspension, 150 mL of dioxane containing 13.9 g, 0.15 mole of
phenol, 1.3 g 0.01 mole of ethyl 4-hydroxybenzoate and 0.2 g of tetrabutylammonium
bromide was added. Upon completion of the reaction (evolution of hydrogen), a light brown
solution remained. To this solution, 200 mL of a tetrahydrofuran (thf) solution of
poly(dichloro)phosphazene, 9 g, 0.078 mole was added dropwise. The dichloropolymer
required 1.5 h for dissolution in thf. The solution was stirred for 1 hr at 23°C, then refluxed
(67°C) for an additional 48 hrs. After cooling, the volume of the solution reduced by half, in
vacuo, and poured into 500 mL of water. The precipitated polymer was removed from
solvent and redissolved in 300 mL of thf by stirring at 25°C for 1.5 hrs. The solution was
rotary evaporated to again remove half the solvent. This solution was poured into 400 mL of
petroleum ether. The polymer was removed and dried in vacuo. The dried polymer (14.4g)
represents a 79% yield of the polymer containing ester functionality.

Poly[(carboxylatophenoxy)0 05(phenoxy)0 95phosphazene]
The polymer containing 5% ester (5.0 g, 0.02 mole) was dissolved in 200 mL of thf
containing 5 mL of water. To this was added 4.0 g of potassium t-butoxide in thf. The
solution was stirred for 48 hrs at 23°C. After this period, the solution was poured into
600 mL of water and acidified to pH 1 with HC1. The polymer appeared partially soluble in
the water (pH 8) prior to acidification. The precipitated polymer was washed with water then
dried, 4.9 g for an overall yield of 88%.
Poly [(carboethoxylatophenoxy)0,.„ 3(phenoxy)0 74) 9phosphazene]
The remaining carboxylated polyphosphazenes were prepared in a manner similar to that of
the 5% carboxylated polymer. The yield information is presented in Table 1.

Table 1. Yields for Polyphosphazenes Containing Carboxyl- and Ester-Groups
Membrane
Group (%}
5% Carboethoxyl
10% Carboethoxyl
20% Carboethoxyl
30% Carboethoxyl
5% Carboxyl
10% Carboxyl
20% Carboxyl
30% Carboxyl

Yieh
(%)
79.1
74.1
76.0
53.4
88.1
85.0
75.4
94.6

Poly [(methoxyphenoxy)0 ,(phenoxy)0 9phosphazene]
To the NaH suspension (3.7 g, 0.15 mole), 50 mL of pentane was added to remove the
mineral oil. The washed NaH was resuspended in 250 mL of dry tetrahydofuran (thf). To
this suspension, 150 mL of thf containing 13.1 g, 0.14 mole of phenol, 1.9 g, 0.01 mole of
4-methoxyphenol and 0.2 g of tetrabutylammonium bromide was added. Upon completion of
the reaction (evolution of hydrogen), a light brown solution remained. To this solution, the
thf solution containing 9 g of poly(dichloro)phosphazene was added dropwise. The solution
was stirred for 1 hr at 23°C, then refluxed (67°C) for an additional 48 hrs, 9 g, 0.08 mole.
After cooling, the volume of the solution was reduced by half, in vacuo, and poured into 500
mL of water. The precipitated polymer was removed from solvent and redissolved in 300 mL
of thf by stirring at 25°C for 1.5 h. The solution was rotary evaporated to again remove half
the solvent. This solution was poured into 400 mL of petroleum ether. The polymer was

removed and dried in vacuo. The dried polymer (12.9g) represents a 75% yield of the
polymer containing methoxy functionality.
Poly [(hydroxyphenoxy)0 ,(phenoxy)0 9phosphazene]
The procedure of Medici, Fantin, Pedrini, Gleria, and Minto25 was used for the deblocking of
the methoxy group. A solution of 1.8 g (0.018 mole) boron tribromide in 30 mL of
anhydrous dichloromethane was treated dropwise with 2.1 g (0.007 mole) of
poly[bis(methoxyphenoxy)phosphazene] in 50 mL of dichloromethane. The reaction mixture
was stirred at room temperature for 3 hrs and then slowly poured into 50 mL of water. The
precipitated polymer was dissolved in thf and reprecipitated with water. The yield was 1.6 g
or 84%.
Membrane Casting Techniques
The coating blocks and doctor blades were obtained from Eastman Kodak and had the
capability to provide gate thicknesses of 2 to 20 uM. The polyphosphazenes were prepared as
15% to 20% solutions in p-dioxane. This solvent was chosen in preference to thf and others
since it evaporated rapidly yet left a homogeneous membrane. Blade casting techniques
usually allow slow evaporation of the solvent and provide a more open polymer structure
compared to the quite dense films obtained from spin casting. The rate of solvent evaporation
and the casting technique can provide membranes with different microstructures.25
The polyphosphazene was cast as 20 |iM-thick solution, using a coating knife upon a
polyethylene terephthalate backing with a microporous structure. Solvent evaporation allowed
excellent film integrity and a strong composite. The polymer solution tended to strike
through the porous backing and provide an integral composite.
HTO Separation Technique and Equipment
The test cell was constructed from cast aluminum and prepared to host either reverse osmosis
or pervaporation procedures. Thus, it contained two inlet valves and two outlets, one each
below the enclosed membrane unit and one each above that unit. The bottom inlet valve was
sealed during the water separation tests. An insert of sintered glass supported the composite
membrane. The composite membrane was prepared as a 3.5-in.-diameter disc and placed over
the glass support. However, there is only a diameter of 2.25 in. (5.17 cm) exposed to the
water flow. Thus, the surface area of this membrane was 25.6 cm2. The test cell was sealed
and placed in a refrigerator to chill the apparatus to 2°C. Temperature could be held to the
2°C to 8°C range for 30 min upon removal from the refrigerator. To the inlet line, 50 mL of
HTO/H2O was added, which had been chilled to 2°C. Pressure to 48 psi was applied to this
line and could be controlled by manipulation of the top exit valve. The permeate water was
collected as approximately 2 to 3 mL samples.
The Amicon stirred cell used in this work had 200 mL capacity for the HTO solution. The
exit port was below the membrane with a gas pressurization inlet above the membrane. A
magnetic stirrer immediately above the membrane surface minimizes concentration

polarization. The effective diameter of the membrane in this test cell is 2.5 in. (6.35 cm).
Thus, the surface area of this membrane is 31.7 cm2. Nitrogen from a gas cylinder was used
to increase the pressure within the cell. The maximum pressure in this type of cell is 70 psi.
The tritium content of the samples was measured using a Beckmann LS800 scintillation
counter with Ultima-gold cocktail.
4.

RESULTS AND DISCUSSION

Preparation of the polyphosphazene membranes in this study used a precursor
polydichlorophosphazene obtained from Ethyl Corporation. Although this material was
exceptionally useful, it is not essential for the membrane preparation. The precursor polymer
can be obtained by the thermal ring opening of hexachlorocyclotriphosphazene.26
Kajiwara27 has eliminated the sealed glass container in the thermal step by performing the
ring-opening step in o-dichlorobenzene at 190°C. Other routes for the preparation of the
dichlorophosphazene polymer have been reported.28
The polarity of the substituent group on the polyphosphazene (PNX) backbone has been shown
to have a significant effect upon the membrane's permeability properties.20 Thus, the
carboxylated polyphosphazene [PNX(CO2H)] appeared to be likely candidates for separation
membranes. Although poly[(carboxylatophenoxy)0 ,(phenoxy)09phosphazene] or
PNx(10%C)2H) was initially investigated as a membrane for HTO/H2O separation, several
other PNX(CO2H) polymers were prepared and similarly examined. These polymers included
5%, 20%, and 30% carboxylated polyphosphazene and their ethyl ester precursors. The
analyses by 31P-nmr will not be discussed in this paper. Thus, reference to percentage
throughout this report will be based on the stoichiometric amount used in the reaction. Thus,
10% will refer to 10 mole% of 4-hydroxybenzoic acid mixed with 90 mole% phenol in the
reaction with poly(dichlorophosphazene).
During the synthesis of the 5 to 30% ethyl esters of the carboxylated polyphosphazenes, large
amounts of "gelled" polymer were observed upon dissolution attempts when the esters of the
polymers were allowed to stand for more than 1 hr in precipitated state. Usually, dissolution
could be achieved in either tetrahydrofuran (thf) or dioxane. However, in some cases, it
could not be obtained unless a small amount of water was added to the preferred solvent, thf.
Upon de-esterification with base, both polymers were fully soluble in dioxane. We assume
that some type of ion complexation occurred in a manner similar to that reported by Allcock
and Kwon.19 Furthermore, we noted that heating the respective polymers in thf increased the
gellation with the respective dissolution cycles. Thus, the precipitation and solubilization
procedures were all conducted at room temperature in an attempt to avoid possible crosslinking.
The flow of water (HTO/H2O) through the polyethylene terephthalate backing (2.25 in.
effective diameter) was approximately 1 mL/4.5 min at atmospheric pressure. In comparison,
PNx(10%CO2H) was coated on this backing, air-dried for 24 hrs, and 50 mL of water was
placed over it. There was no water flow after 22 hrs at atmospheric pressure with water
above the composite membrane. The application of 48 psi to the water produced a flow of

2.4 mL/min with water at 4°C. However, if the water was held at 22°C, the flow increased to
12 mL/min with a pressure of 48 psi.
The membrane discs (effective diameter of 2.25 in. or 8.16 cm) were were placed in the
pressure test cell and the HTO/H2O was placed over the membrane composite. A pressure of
48 psi was applied to this water and aqueous samples were collected on the downstream side
of the test cell. The temperature of the apparatus and the water was held in the range of 2°C
to 4°C during the test. A typical experiment is presented in Table 2.

Table 2. Separation of HTO with PNx(10%CO2H) Membrane in the
Pressure Test Cell at 4°C and 48 psi
Composite
102A

Sample #

pCi/mL

Standard
1
2
3
4
5
6
7
8
9
10
11

11.1*
2.9
6.1
9.0
10.1
9.0
10.6
11.1
10.5
10.7
10.2
7.5

* The error for this series was 0.3 pCi/mL.
Single samples were run.

The results shown in Table 2 are very encouraging for HTO separation using polyphosphazene membranes. Sample 1 shows a 74% reduction in HTO. The following five
samples exhibited a decreasing HTO reduction (45%, 19%, 9%, 19%, 4.5%) through a total
volume of 27.8 mL of permeate. Since this experiment used dead-end filtration, depletion of
HTO will be limited. However, the variability from sample to sample suggests concentration
polarization.
The results from the other membranes are presented in Table 3. This data is presented to
show the best results obtained from three experiments of each polymer. Thus, three
membranes were prepared from the same polymer and examined for HTO depletion. Data
presented here represents the maximum depletion obtained with each membrane (three sample
series).

The membrane thicknesses were not completely monitored in this work and coating variations
certainly can modify results. Preliminary profilometer measurements indicated that solution
coatings performed with a 20-micron gate opening tended to provide polymer thicknesses of
10 to 20 microns. Thus, the variability of the results might be improved when better
(commercial) coating equipment is used.

Table 3. Separation of HTO with PNX Membranes in the Two Test Cells
at Various Temperatures and Pressures
Membrane
GrouD(%^
5% Carboxyl
10% Carboxyl
10% Carboxyl
10% Carboxyl
10% Carboxyl
10% Carboxyl
20% Carboxyl
30% Carboxyl
H (no substitution)

H
H
H
H
H
5% Carboethoxy
10% Carboethoxy
20% Carboethoxy
30% Carboethoxy
10% Methoxyl
10% Hydroxyl

Temperature
(°C)
4
2
4
22
22
35
4
6
4
5
7
12
23
23
4
7
4
4
4
4

Pressure
(psi)
20
20
48
48
20
20
20
20
48
20
20
20
20
10
60
20
20
20
48
50

HTO Depletion
(%)
30
21
74
0
0
0
8
5
36
13
27
24
18
34
15
10
8
3
12
7

"Pressure at 48 psi was used with the cast aluminum cell, while pressures of 10, 20, 50, and
60 psi were obtained with the stirred cell.

The base polymer, poly(diphenoxy)phosphazene, which is listed as H (none) in Table 3,
provided HTO depletion up to 36% at 4°C in the aluminum cell at 48 psi, but the depletions
were lower when reduced pressure was used. The pressure effect has not been studied in
detail relative to the several polymer compositions. However, it is difficult to separate a
pressure effect from thickness variations under the current conditions. The temperature effect

is quite apparent with PNx(10%CO2H) from 4°C to 22°C. The HTO depletion is eliminated at
the higher temperature region; an increase of temperature to 35°C gave no improvement.
At this time, the better results have been obtained with PNx(10%CO2H) and
poly(bisphenoxy)phosphazene. However, the results from the PNX(5%CO2H) membrane
appear to be similar to those of the 10% carboxylated polymer and help extend the range of
these novel membranes. The 20% and 30% carboxylated membrane have diminished
separatory ability. The diminished ability for HTO depletion was also noted with the ethyl
esters of the respective carboxylated polymers. A 50% depletion in HTO was noted with the
PNx(COOEt), the ethyl ester, in one recent experiment, though this has not yet been
confirmed.
The results from the 10% methoxylated polyphosphazene membrane at 4°C indicated only a
12% reduction of HTO, while only 7% HTO depletion was obtained with the 10%
hydroxylated polymer. This suggests that the usefulness of both polymers may be limited.
Current work is under way to examine the membranes, PNx(10%CO2H) and poly
(bisphenoxy)phosphazene under cross-flow conditions using three-staged test cells. Results
from these experiments hopefully will confirm the depletion results noted with dead-end
filtration. Further work is planned to examine water containing up to 106 pCi/L of HTO to
help define the utility of such a procedure.
The separations shown in Table 3 do not appear to be pervaporation since no phase change is
evident, especially at 4°C. Pressure-driven mechanisms usually describe hyperfiltration and
nanofiltration (reverse osmosis) processes, which separate ions from water. These
mechanisms are dependent upon micropores in the membrane and have specific size-exclusion
parameters. At this time, evidence for micropores has not been reported in polyphosphazene
membranes.
Temperature variations have a strong influence on the strength and number of hydrogen bonds
in water systems. The intermolecular hydrogen bonding results in the formation of clusters of
solvent (H2O) and solute (HTO) or in coupling of solute and solvent. The
formation of clusters in solution may increase the effective size of the permeant, thereby
decreasing transport and increasing rejection due to steric effects. At lower temperatures, the
number of molecules in the clusters of deuterium oxide is slightly larger than those within
light water clusters.29 Furthermore, the number of molecules within the average cluster at
equilibrium is not only a function of temperature, as the presence of functional groups may
enhance or disrupt intermolecular hydrogen bonding. Sites such as hydroxyl and carboxyl in
the membrane material have the ability to form hydrogen bonds or strong polar interactions
with water, resulting in a decrease in the average cluster size.30 When polymer-water
interactions are possible, the water may form a bound layer on the membrane. In such a case,
the water-membrane interaction decreases the available energy of hydration per water
molecule in the bound layer. Thus, the capacity of the water to dissolve solute may be
reduced and rejection increased.

In the polyphosphazene membrane, it is difficult to invoke support for increased water cluster
size resulting from HTO since its concentration is in the parts per quadrillion range.
However, the temperature effect noted with the carboxylated polymer tends to follow the
reported water cluster size dependency on temperature. The lack of temperature effect with
the poly[bis(phenoxy)phosphazene], i.e., continuous depletion of HTO through the temperature
range, might suggest that the transport corridors for this membrane could be very sterically
defined or that polar contribution of the phosphorus-nitrogen backbone may be larger than
anticipated.
These research results represent the basis for a new procedure for the separation of HTO from
light water. The membrane system is similar to that of reverse osmosis and requires pressure
from 10 to 48 psi. The polyphosphazene membranes within the system have provided up to
74% depletion of HTO after a single pass through the system. The separation through some
membranes was temperature dependent with HTO depletion at 4°C and HTO enrichment at
23°C. Further research is underway to confirm and extend the usefulness of such a separation
procedure.
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ABSTRACT
There is an increasing awareness of the impact that human behavior and human error has upon
safety. It is therefore essential that the human element be considered during system design, to
ensure that designs are compatible with human requirements and robust against human error.
Human Factors assessment methods are used to examine systems, and to specify features or
provide recommendations that will improve them from a human perspective. This paper
describes a framework for the inclusion of human factors during the design stages of future
AECL Research projects. It discusses the type and extent of human factors input recommended
during each of the AECL Research design stages. The rationale behind the recommended input
is also explained.
The benefits of applying the human factors project framework are highlighted. These include
enhanced safety, operability and maintainability, improved productivity, reduced likelihood of
costly modifications later in the system lifecycle, and conformance with regulatory requirements.

1.

INTRODUCTION

Human factors is the study of how to create the greatest safety, efficiency and comfort between
people and their working environment. It encompasses a number of areas, including:
workplace layout,
workstation design,
control and instrumentation design (including VDU systems),
environmental design,
allocation of function,
staffing and job organization,
training needs analysis and program development,
procedures,
human reliability,
emergency planning, and
safety management.
Human Factors assessments can be performed at all stages of the system lifecycle, from
conceptual design through to decommissioning. However, it is not cost-effective to modify a
system when it has already been built, and it is not safe to wait until problems have occurred
before addressing them. Human Factors input to the design of a system is an iterative process,
whereby designs are continuously produced, assessed, modified and reassessed. To obtain
maximum benefits in terms of safety and cost, human factors should be an integral part of the
design process.
Atomic Energy of Canada Limited (AECL Research) has recognized that, in the nuclear industry,
fostering a commitment to Human Factors is essential to maintaining high standards of safety,
efficiency and comfort. In addition, the Atomic Energy Control Board (AECB), as regulators
of the Canadian nuclear industry, require that licensees demonstrate the inclusion of human
factors considerations in new or modified system designs.
The human factors project framework described in this paper has been developed to provide
project teams with guidance on the type and extent of human factors input recommended at each
stage of the design lifecycle, illustrated in Figure 1. It also provides human factors specialists
within AECL Research with a structured and consistent approach to their involvement in
projects.
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Figure 1: Overview of the AECL Research Design Process

2.

SCOPE

This paper discusses the type and extent of Human Factors involvement recommended at each
stage of the AECL Research design lifecycle: the conceptual design, design definition or
detailed design, and implementation and commissioning stages. The reasons for the input
described at each stage are explained. This paper does not describe the precise methodologies
used to perform the recommended human factors assessments (e.g., specific human reliability
analysis methods).
The time taken to provide the human factors input described in the project framework is not
discussed, as it depends on the size and complexity of the project, and the degree to which the
facility will create potential hazards.
3.

PROJECT FRAMEWORK

3.1

Conceptual Design Stage

3.1.1 The Layout of Functions in a Facility
At the early stages of a project, an appropriate layout for the facility should be determined, based
on the function of the facility as a whole and the function of its constituent parts. A conceptual
task analysis can be performed to identify the functions at a global level.

Hierarchical Task Analysis (HTA) can be used to identify the overall goal of the facility, identify
the tasks that lead to the achievement of the goal, and divide those tasks into subtasks as far as
the design details will allow at that stage of die process. An example of a basic conceptual task
analysis is shown in Figure 2.
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Figure 2: Example of Conceptual Task Analysis, using the HTA Technique
The activities defined can be categorized into areas of responsibility (e.g., those activities that
will be performed by the operations team, maintenance team, etc.), and the area within the
facility where each activity will take place can be determined (such as the control room or local
plant).
A flow chart of the process can be produced. Suitable locations can then be defined for each
function, according to their requirements, which may include the following:
transportation of goods between areas,
visual and verbal communication,
movement of personnel,
proximity to certain services,
space for equipment, it's operation and maintenance, and
location in relation to other buildings, areas, personnel, equipment, etc., for safety and/or
environmental reasons.
If a large number of requirements are identified, they can be prioritized to assist the decisionmaking process. The layout produced is provisional, and will be subject to modification as the
design evolves.

3.1.2

Identification of Normal and Emergency Routes

When a provisional layout of the facility has been specified, the location of doors and walkways,
and the means of exiting the building, can be designated. It is important that this be an integral
part of the facility design, and that the evacuation routes not be placed for convenience later in
the design process. Human Factors guidelines, based on experimental data and past experience,
should be used to specify the width and height of doorways and walkways. The output from this
process may result in modifications to the layout of the facility.
3.1.3

Identification of Communication Links

Using the information from the conceptual task analysis and information relating to interactions
that are necessary with other facilities, lines of communication should be defined. This will form
the basis of a detailed analysis of communications later in the design stages of the project, to
define the specific facilities and procedures required.
3.1.4

Workspace Layout

The following information should be collected to provide a basis for decisions relating to the
layout of the workplace:
•
•
•
•

the size, shape and location of space available for the defined purpose,
the type of tasks to be performed (e.g., maintenance and operations),
the number of personnel who are likely to work in a given area, and
equipment requirements.

Human Factors guidelines and anthropometric data (data on bodily dimensions) should be used
to specify the safest, most efficient and comfortable layout of the required equipment. To
optimize human performance, the layout should reflect the sequence, frequency and importance
of tasks. Sufficient space for personnel access, operation and maintenance activities must also be
provided.
3.1.5

Allocation of Function

The distribution of system functions between machines and human operators should also be
decided during the conceptual design stage. Information on the capabilities and limitations of
human performance should be used to decide which tasks should be automated, and which
should be allocated to human operators. For example, tasks requiring rapid, repetitive and very
precise actions are better performed by machines, and tasks requiring decision-making are
currently better performed by humans.
Decisions relating to the allocation of functions should be made jointly with the system designers
and operations personnel, to ensure that there is no conflict of goals. The level of automation
may be altered later in the design stages, when the human error and safety analyses have been
completed.
Thorough consideration of the human element during the allocation of functions will increase
safety and reliability, by ensuring that operators are assigned tasks that they can reliably perform.

3.1.6

Consideration of Safety Management Issues

Safety management issues should be considered from the conceptual design phase of a project
onwards to help instill a positive safety culture into the organization. A safety policy should be
developed, outlining the safety philosophy and principles. This will be refined during the design
definition stage when the safety programme is established.
3.2

Design Definition or Detailed Design Stag

3.2.1

Detailed Specification of Information Requirements

A Detailed Task Analysis (DTA) should be carried out to elicit specific data on each task. This
process is an expansion of the information gathered during the conceptual task analysis. The
following data should be collected for each task, to determine specific information requirements:
the task goal,
the subtasks required to achieve the task goal,
the information needed to complete the task,
the action(s) required by the operator,
the feedback needed to confirm that the action has been successfully initiated and/or
completed,
performance standards (i.e., the criteria for success or failure of an action), and
performance-shaping factors (PSFs). These are factors that may enhance or degrade
human performance and may be internal (e.g., stress levels, alertness) or external
(e.g., equipment design, noise or lighting conditions).
Human Factors guidelines should then be consulted to determine the appropriate type of controls
and instruments for each task. For example, pushbuttons are the recommended control type for
emergency-stop functions.
3.2.2

Control and Instrumentation Design

Human Factors guidelines should be used to specify the precise design of the controls and
displays. The guidelines address a number of issues, which include:
control and display size,
labelling requirements,
colour coding,
measures to prevent inadvertent activation,
scale marking design, and
alarm design.
The guidelines are applied to ensure that the design of controls and displays facilitates safe,
efficient and comfortable operation and maintenance. Similar principles should be applied to
determine the design of computer display screens. However, additional issues must be
considered, such as navigation between screens, information density and compatibility with
hardwired controls and displays.
3.2.3

Console Design and Anthropometries

Anthropometric data should be applied to the detailed design of operator consoles and the layout
of individual panels. This process will ensure that operators and maintainers can accurately
interpret displays, and safely and comfortably operate controls. The most suitable location for
the storage of equipment and procedures should also be specified.

Controls and instruments should be arranged according to their frequency of use, sequence of use
and importance. It is beneficial to produce mock-ups of panel designs, to verify that controls and
displays are readable and operable from the required operating position.
3.2.4

Consideration of Environmental Issues

The thermal environment, noise limits and lighting levels appropriate to the work area and the
tasks to be performed should be defined. The measurements specified will be verified during the
commissioning stage of the project.
Suitable lighting levels and the distribution of lighting should be determined, according to the
function for which it is required. For example, approximately 300 lux is a suitable level for
using a computer control system, but 700 lux is recommended for detailed inspection tasks.
Appropriate noise limits for various work areas should be defined. For example, 65 dBA should
not be exceeded in areas where verbal communication is required (such as a control room).
Protective equipment requirements or noise attenuation methods should be identified where
prescribed levels are exceeded.
The thermal environment conducive to effective human performance varies according to the
level of activity of the worker and the type of clothing that will be worn. The optimum
temperature should be calculated for each of the defined work areas and their associated tasks.
Changes in the outside temperature should be taken into account, to ensure that the environment
does not prove to be too hot in the summer or too cold in the winter.
3.2.5

Identification of Potential Human Errors

The purpose of identifying potential operator errors is to assess the design of the system for its
robustness against inappropriate human performance. The human error analysis provides an
important input to the training program, and can form the basis of the human error quantification
as part of the safety assessment for the project
The tasks defined in the detailed task analysis should be examined for:
•
•
•
•

the potential operator errors relating to each task step,
the possible causes of error,
the consequences of the defined errors, and
any recovery points.

The identified errors should then be classified according to their potential significance (i.e., their
consequences in terms of safety and efficiency). This will allow the analyst to focus on the
important errors. Recommendations to remove the opportunity for error (if possible), to increase
the chances of recovery or to mitigate the consequences of the error should be proposed. These
may relate to design modifications, training, administrative controls or procedures.
The identification of operator error will provide a useful input to the Hazard and Operability
(HAZOP) process. It will assist decisions regarding the allocation of resources; i.e., if the
likelihood of an error occurring is high, and the consequences are serious from a safety
viewpoint, then it is prudent to resource recommended modifications.

3.2.6

Human Error Quantification

The identified human errors should be included in the safety and reliability assessment of the
system by inserting the errors at the appropriate points in the fault trees. This is to ensure that the
combination of equipment failures and human errors, which leads to a failure to achieve system
goals and/or safety hazards, is considered.
The quantification of human errors extends the cost-benefit analysis beyond that of the HAZOP
technique, by allowing the analyst to quantify the likelihood of the unwanted event, suggest
modifications to the system based upon the likely human errors, and requantify the fault tree to
show whether the change in the overall probability is significant. This means that resources can
be concentrated on the areas where they are likely to have the greatest effect.
3.2.7

Safety Management Programme

A safety management programme should be developed or adapted to define the mechanisms and
responsibilities for the effective management of safety within the facility. Examples of areas
which should be included in the programme are:
safety targets and objectives,
methods for incident reporting, investigation and follow up,
communication mechanisms,
internal and external interfaces regarding safety,
management of contractor safety, and
methods to assess safety performance (e.g., collection and analysis of safety data, safety
audits and inspections).
3.2.8

Identification of Training Needs

Task Analysis is the principle stage of a training needs analysis, as it identifies the tasks that
must be performed and the information needs associated with their completion. Tasks can be
categorized into various types (e.g., administrative, manual handling, computer control, and
remotely controlled tasks). The number of different job roles should be defined, and job
descriptions produced for each role.
The knowledge, skills and abilities (KSA's) required to perform each task should be defined, to
provide the basis for development of the training program. These can be categorized into
recruitment and training requirements. Refresher and specialized training requirements should
be identified at this stage.
3.2.9

Communications Analysis

A preliminary assessment has already been made of the facilities and the points in the procedures
where communication is required. Using the detailed task analysis and the information from the
human error analysis, the precise nature and content of the communication should be defined.
The information obtained from this analysis will provide a useful input to the operating
procedures.

A number of normal and emergency scenarios should be selected for more in-depth analysis,
based on the following criteria:
•
•
•

extensive or continuous communication is required,
communication is vital to the success and/or the safety of the operation, and
communication between people or groups of people who do not normally communicate is
required.

The in-depth analysis should include both normal and emergency situations, and should plot the
communication activities on a timeline dedicated to the scenario, to ensure that the facilities can
cope with demands.
3.2.10

Assessment of Staffing Levels and Job Organization

Having defined in detail the tasks that need to be completed within the facility, it is necessary to
identify more precisely the staffing requirements and the organization of the job and its
constituents to optimize the efficiency of the process.
The most useful approach to take is to make a preliminary estimation of the staffing requirements
based on the number and frequency of required tasks, and to perform a workload assessment to
convert the information into realistic estimates. A human factors guideline proposes an
acceptable band of workload percentages. If the workload is too high the operator may
experience stress, and if the workload is too low the operator may experience boredom, each of
which will cause performance decrements. Various alternatives can be explored to bring the
workload within acceptable limits, including:
•
•
•
•

reallocation of tasks throughout the shift,
reallocation of tasks between workers,
providing additional workers to cope with peak demand periods, and
reallocating the tasks between man and machines (i.e., automating parts of the process).

A number of considerations will affect the option chosen, including the level of technology
available to automate tasks, and the impact of task reallocation (e.g., on personnel selection,
training and procedures).
3.2.11

Procedure Development

Operating, maintenance and emergency procedures should be written when the design details are
finalized. They should be based upon the task analysis, to ensure that the instructions detail
operator requirements and not focus purely on the system demands. Human factors guidelines
should be used to produce procedures that are comprehensive, clear, concise and meaningful.
Procedures should be compiled with extensive input from the operators and maintainers as well
as the system designers, to ensure accuracy and usability.
3.3
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Commissioning Stage

A number of issues that will be raised throughout the design process that cannot be addressed
until the facilities and equipment are in place. For example, certain design and operational issues
may require actual observation of the operators using the equipment in their real working
environment.

33.1

Commissioning Checks

During the design stages of the project, information relating to issues that could not be addressed
at that stage should be collated. A program of human factors commissioning checks should be
developed. The program should list the issues to be addressed, detail the methods that should be
utilized, and state how the outcome will be dealt with. Examples of issues that should be subject
to commissioning checks are environmental conditions, staffing levels and procedures.
Procedure walk-throughs can be used to verify the adequacy of procedures and staffing levels.
The documented commissioning checks should be carried out during commissioning, and any
refinements made to the system. Deficiencies in some areas, such as job and task organization,
may not be apparent until some operating experience is gained.
33.2

Production of the Training Program

The training program should be written using information from the design process (e.g., task and
human error analyses). The training program should be arranged into a logical and coherent
structure, and the program manuals written to conform to human factors guidelines on
information presentation and document design.
The most appropriate methods should be selected to ensure effective learning of the different
aspects of the job (i.e., a combination of on-the-job training and classroom training, and both
lectures and project work). Suitable visual aids and teaching styles should be selected.
Appropriate methods, material and time intervals for training-effectiveness assessment both
during and after the training course should be defined.
It should be ensured that there is a mechanism for modifying the training course as other aspects
of the system change, and a mechanism for identifying continuing training and retraining. The
training program should be piloted prior to the commencement of facility operations.
33.3

Emergency Planning

Evacuation drills should be carried out to test the effectiveness of the proposed emergency
procedures. The staff of the facility should participate in the drills to familiarize themselves with
the facility and the procedures as quickly as possible.
The drills should consist of a variety of different scenarios, using the various evacuation routes
and emergency equipment. The aim is to reduce as much as possible the potential for surprises,
and ensure that personnel will perform effectively in a threatening situation.
4.

CONCLUSIONS

The Human Factors project framework has been developed for use during the design stages of
AECL Research projects. It demonstrates AECL's commitment to providing a safe, efficient and
comfortable working environment. Human Factors guidelines and checklists to assist in the
design and assessment of AECL Research systems are currently being developed to supplement
the project framework.
Elements of the framework have already been applied to AECL Research projects that are
underway (e.g., the NRU Reactor Upgrade project). It is intended that human factors input
during the design stages of future projects will follow the project framework.
The main benefits of applying the framework are summarized as follows:

•
•
•
•
•
•
5.

ensures the safety of workers, the public and the environment,
provides a structured, consistent approach to human factors input throughout the design
process,
improves the economics of the system by reducing downtime, increasing productivity and
reducing the potential for injury,
improves operability and maintainability,
ensures that licensing requirements are fulfilled, and
reduces the potential for costly modifications later in the system lifecycle.
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Abstract
A computerized tool was developed to streamline and enhance preparation, review and use of
large technical documents such as nuclear safety reports. This tool, better known as
CARUSR (pronounced 'cruiser'), was used by Ontario Hydro to review and distribute sections of
its Safety Report. The tool has been evolving and has been in use since 1992. The benefits
include better auditability, better management of the development processes, time-compression
for review, and a rich electronic document available for advanced searching and efficient
day-to-day use.
Introduction
There is often a need in the nuclear industry to prepare large, multi-author documents. Such
documents are frequently filled with figures and tables, and contain numerous cross-references.
Typically, the documents must be produced on a short timescale, but they must first be reviewed
thoroughly by a large audience for both technical and editorial content. In addition, there is a
need for an audit trail, to demonstrate to regulatory authorities that a thorough and
comprehensive review has taken place. Once the document is produced, using it can be difficult
simply because of its sheer volume and the complexity of the technical content. Safety Reports
for nuclear generating stations are an example of this type of document.
In order to increase the efficiency and effectiveness with which such documents are produced,
reviewed and used, a computerized tool called CARUSR (Computer Aided Review and
Utilization of Safety Reports) was developed. CARUSR is a network-based, highly interactive
software system that provides a powerful electronic framework for the preparation, review,
revision and utilization of voluminous, complex technical documents such as Safety Reports.
CARUSR is particularly beneficial when applied to reports that have numerous authors,
reviewers and end-users from a wide range of technical backgrounds and management levels.
This paper discusses various aspects of CARUSR. It will summarize some of the problems
encountered during the previous hardcopy-based review and use of large documents. It will then

outline the development of CARUSR to solve some of these problems. Then, an overview of the
features, and a brief discussion of some of these, will be presented. A discussion of benefits will
follow. Experience with deploying CARUSR will also be discussed. Finally, the possible use
and extensions to CARUSR will be discussed.
Large Document Processes and Problems
During the preparation of a large technical document, a structured top-down approach is often used to
manage complexity and to facilitate division of labour. At each stage, more information is added to
the document, and the resulting revision is reviewed. Errors caught later in the process are typically
more costly to correct due to the increased number of dependencies. The changes suggested during
each review are then reflected in the next revision, along with more information.
A typical development process for nuclear safety reports is depicted in Figure 1. The final document
is evolved from many revisions and reviews involving dozens of experts and many sites.
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Figure 1: The simplified stages of Safety Report document development.

The review/revision cycles present a considerable administrative overhead in time and resources
when multiple authors and reviewers are involved. This overhead arises from the following
requirements:

1.
2.
3.
4.
5.
6.
7.

8.
9.
10.

Revisions need to be easily tracked and available. This allows better control of changes
and facilitates comparison.
Points to prose development needs to be tracked to ensure completeness of development.
Auto-numbering of parts is required as items such as sections or tables are inserted or
removed.
Generic document development is difficult but necessary when many documents have
significant overlaps.
Format and structural consistency needs to be ensured, especially when multiple authors
are revising the document.
It takes some time to print and distribute large reports for each review.
It takes a non-trivial amount of time to collect, collate, and distribute the received
comments to the various authors. The legibility of some handwritten comments cause
ambiguity and require further iterations.
It is inefficient to administer cascaded workgroup reviews due to differing individual
schedules.
All comments need to be tracked and responded to; their responses need to be verified.
This can be used to demonstrate the quality of the developed document.
It is difficult to ensure that all comments have been adequately addressed without
re-sending a hardcopy of responses back to the reviewers.

When the hardcopy of a large document is used, either for finding information or for review,
several challenges are presented.
1.
2.
3.
4.
5.

It is difficult to find information that is not indexed. Often an expert on the entire subject
matter is required to determine where to look.
While reading, a lot of page flipping is necessary to examine cross-referenced sections or
graphics.
When examining a complex topic, it is difficult to keep track where you have already
been.
It is tedious to collect and extract text or a summary from the document.
It is difficult to share information over many overlapping perspectives of use. Putting
different coloured 'sticky' notes on one document still limits users to just that annotated
copy.

Development of CARUSR
At the end of 1991, Ontario Hydro's Reactor Safety and Operational Analysis Department
(formerly the Nuclear Safety Department) began looking at ways to better serve their customer,
the Ontario Hydro nuclear stations. Since the Safety Reports are required by the Atomic Energy
Control Board (AECB) for licensing of the nuclear reactors, the quality, use and auditability of
the Safety Reports was critical.
The emerging microcomputer tools looked promising at streamlining, enhancing, and facilitating
auditability of the processes and the use of the end product. Ontario Hydro and IDEA Research
developed a proof of concept prototype in late 1991.

Since no PC-based tools existed addressing most of the requirements, a system had to be
developed from the ground up. It was decided that requirements that yielded the greatest gain
should be developed first and that the developed components be extensible to match evolving
requirements and availability of third party tools.
Microsoft Windows™ was chosen as the platform due to the pervasive nature of
IBM-compatibles, the environment's multi-tasking capabilities, richer presentation environment
over text, lower learning curve, and general industry trend. The development tool for the user
applications was chosen to be Microsoft Visual Basic™ for Windows™ and C for the DOS
utilities. Visual Basic™ (VB) offered a rich modern development environment for Windows™,
allowing quick prototyping and refinement of the user interface while supporting large complex
routines. It also allowed easy integration of third-party tools through plug-in modules and access
to dynamic-link libraries (DLLs). Performance critical routines, such as search indexing during
conversion, were written entirely in C for performance. It should be noted that VB code can be
optimized using good design and appropriate algorithms, as evidenced by the speed of the fully
VB-based search engine within CARUSR. Shared code and modularity were emphasized, along
with designing for change, to accommodate the evolving requirements and to exploit future
opportunities for refinement if necessary. The VB applications share code extensively. The
utilities have been evolved into Windows™ DLLs allowing common code to be shared between
various utilities and the main VB applications.
The preparation and review were seen as being part of one tool, namely the Pre-Processor. The
use after publication was seen as a separate set of functions, requiring a different tool, namely
the Post-Processor. Ultimately, most of the 'use' functionality was migrated to the Pre-Processor
to make it easy and efficient for people to use the document during review. Full authoring was
postponed in the Pre-Processor due to the existing investment in WordPerfect™ as a corporate
standard and the potential costs of mirroring a strong subset of features. Support for Microsoft
Excel™ was also developed since the volume of figures and tables in a Safety Report required
that they be produced outside of WordPerfect™ for better control and ease of printing.
The development of CARUSR has been an on-going effort parallel to the Safety Report
production at IDEA Research. Ontario Hydro has been an active partner in testing and evolving
the product to capitalize on its investment.
An Overview of CARUSR
At the present time, CARUSR accepts documents prepared in WordPerfect™ format, with figures
and tables produced in Microsoft Excel™ format. The original documents are converted to CARUSR
format, and the resultant electronic files are available to reviewers via the local area network (LAN).
Using CARUSR, reviewers view the text, figures and tables on their computer screen and make
comments directly into an electronic file. The key features of the review facility include:
•

one or more comments can be attached to a paragraph, and the author's name and entry
date is automatically associated with comments

•
•
•

reviewers in a workgroup can see each other's comments, providing a forum for dialogue
workgroups can be hierarchical, inheriting comments promoted up
comments can be dispositioned via one or more responses, and responses can be viewed
by all reviewers in a workgroup
comments can be categorized (e.g., editorial, technical, regulatory) and prioritized by the
reviewer to aid dispositioning
comments can be directed to specific authors, or to a designated group of authors
a reviewer can withhold his or her comments from the workgroup until he or she is
satisfied
comments and responses can be searched; their attributes and traffic can also be searched
for and monitored
comment/response dialogues can be exported in text form or in pre-indexed
WordPerfect™ formatted files
comments from multiple sites can also be easily transferred and merged

•
•
•
•
•
•

Figure 2 shows the CARUSR Comments window with some comment and response dialogues
for a given paragraph. This window is not only used to view, but enter, search and address
comments.
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Figure 2: The Comments window. The upper part summarizes all the comments and
responses on a given paragraph or document unit (docit), whereas the bottom part
expands the entry selected above and allows the addition of new entries. The window
also allows jumps to specific comments or responses and other comment related
functions.

The documents that CARUSR has been used with are large enough that reviewers typically
require several sessions to complete their review. Reviewers carry out their reviews in parallel,
over a period of several days or weeks, submitting comments electronically as they go.
Comments from all reviewers are received, then recorded in the electronic document along with

available responses. When reviewers next log onto the system, they can get an update of the
group comments, allowing them to see all comments submitted by reviewers in their workgroup,
along with any responses. This approach makes the review much more effective and efficient
since it adds group dialogue without following a serial commenting approach. It also allows the
authors and editors to begin incorporating comments before any or all reviewers have completed
their review.
Besides allowing flat workgroups, CARUSR also supports workgroup hierarchies. This facility
allows comments to flow along traditional organizational hierarchies using a submit-and-approve
metaphor. This feature has been important when Safety Reports have been reviewed by external
departments, allowing the external reviewers to exploit the group dialogue capability without
necessarily publishing all of their internal comments or responses.
During the review and after the document is finalized, CARUSR's powerful features can be used
to facilitate its use. The key features include:
•
•
•
•
•
•
•
•
•
•
•
•
•

text with flexible graphics viewer
hyperlinks to acronyms, sections, references and graphics
table of contents for specific jumps
history of jumps for backtracking
a parents outline for especially deep sections and text
bookmarks for tagging and placing small annotations on paragraphs
session notes editor for collecting or extracting information
various paragraph-based searches: literal, fuzzy and attributes
exports of sections or subsections with filters; text and WordPerfect™ formats are
supported
search results summarized for quick viewing and analysis
queries can be overlaid for comparison or for iterative searching
contextual scoring helps focus in on interesting search results
sessions can be saved for future reference or for sharing information with others

CARUSR also permits simultaneous viewing of text and images. Up to ten scalable images can
be viewed at the same time as the text of the document. Comments can also be made regarding
images.
The window to view text is shown in Figure 3. Note that linked items, shown by underlining,
can be used to invoke popups, as shown in Figure 4. Figures, tables and equations can be shown
using the Object Viewer, as shown in Figure 5.
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Figure 5: The Object Viewer window is used to efficiently view graphics alongside text.
It allows zooming and tiling of images.

A user can quickly make personal annotations on the document using bookmarks and the
Notebook, as shown in Figure 6. Bookmarks save positions and allow paragraph-based
annotations, while the Notebook allows general annotations and automated extractions. These
annotations, along with your session history, can be saved in a session file for future re-use or
sharing with other users. Users can merge other users' sessions files into their sessions,
providing an alternate way to work in a team.
Although the aforementioned features enable users to make effective use of known information,
it is sometimes necessary to identify all instances in a document that refer to a particular
combination of items, either for review or for further analysis. For example, when reviewing a
Safety Report, one might want to know of all cases where an operator is credited with shutting
down the reactor. Later, one may also want to see overlaps of these instances with discussion on
emergency coolant injection (ECI) systems. The ability to catch all instances and the ability to
iteratively add more queries makes CARUSR's search tools very natural and effective.
CARUSR's search engine not only identifies all such instances, but it can rank all possible
instances in decreasing likelihood of matching the reader's requirements, as illustrated in
Figure 7.
The returned search results can always be analyzed and filtered down to a manageable set. The
results can be exported to another file for later analysis by other experts or for incorporation into
another document. Results can also be automatically bookmarked or extracted to the Notebook
for further annotation.
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Table 7.3-5 I
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REFERENCE: Section 3.4.1.4, Initial Equilibrium Power Distributions, Docit-2:
For evaluating the effectiveness of SDS1, a 20 percent absolute bottom-high tilt is superimposed on the equilibrium power distribution
,
(Figure 3.4.1.4-1). Similarly, in evaluating the effectiveness of SDS2 a 20 percent absolute south-side-high tilt is superimposed on the
;
equilibrium power distribution (Figure 3.4.1 4-2). The maximum (rippled) initial channel power maps for cores with bottom-high and
side-to-side tilts, respectively, corresponding to reactor operation at full power are shown in Figure 3.4.1.4-3 and Figure 3.4 1.4-4. These £
distributions (which are based on CPPF of 1.18) are used in assessments of fuel channel integrity although, as discussed in Section
3.3.1.5, channel powers assumed for rows A and B are somewhat higher than those shown in the figures.

REFERENCE: Section 3.4.1.5, 35 Percent Pump Discharge Break - Reference Conditions, Docit-4
The neutronic trip times are evaluated during the SMOKIN calculations for SDS1 based on both the NOP and high log rate (HLR) trip
parameters Trips on a given parameter are credited when a signal in each of the three SDS logic channels has exceeded the trip
setpoint. Moreover, only the backup signal (typically HLR for breaks near full power) is credited in the simulations. The SDS1 trip times
for the 35 percent PD break are given in Table 3.4.1.5-1.

Figure 6: The Bookmark and Notebook windows are used for personal annotations.
Bookmarks behave like their paper analogues, allowing not only a locational marker, but
small annotations for personal use. Notice that automated extractions to the Notebook
always include a header to indicate where a particular item came from. The text in the
Notebook can be embellished, saved and imported into other applications for creating a
memo or report. Bookmarks and contents of the Notebook can be saved in a session file
for future reference or distribution to others.

A powerful component of the CARUSR search tools is \he fuzzy search. It not only finds related
words, but it also allows partial phrase hits to count. This provides the 'catch-all' capability
discussed earlier. Currently, the fuzzy search performs noun expansions on possessives and
plurals. For example, a search on operator's actions will also find paragraphs that contain
operators, operators', operator, and action. The rules are powerful, able to work backwards and
forwards, allowing a search on mice to also find mouse, etc. In the future, other rules and
wildcard expansions may also be incorporated. Sub-phrases in a fuzzy search can be made
literal to prevent expansions. Sequencing can be forced without turning off the related
expansions, as would happen in a literal search. Besides attenuating the weight of related word
hits and partial or re-ordered sequences, the score of a fuzzy search hit also takes into account
the scope relevance of a particular word hit. For example, a fuzzy search on fuel temperatures
within a section dealing with fuel will automatically reduce scores on less interesting words such
as fuel. Hence, the fuzzy search is a powerful tool, providing an intuitive way to find vague
concepts.
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Figure 7: The Search Results window summarizes all paragraphs (also, known as
document units or docits) found by a search. This allows one to quickly filter out
important results based on context or scores. Boolean comparisons are achieved through
drag-and-drops to the overlapping sets region at the bottom. Search results from
successive queries can also be overlaid, as shown above. A large deletion stack is kept to
facilitate rapid filtrations and backtracking using the 'Delete', 'Keep' and 'X' (Undo)
buttons. Tagging allows marking specific results for further operations.

CARUSR can be loaded onto individual workstations for the review and utilization processes. A
Windows™-compatible LAN is recommended for sharing comments and publications. The
minimum requirements for a workstation are:
•
•
•
•

An Intel™ 386DX compatible PC, running at 20 MHz or higher with 4 Mb of RAM
Microsoft Windows™ 3.1 with compatible mouse
2.5 MB hard disk space for the application (0.5 Mb if application run from LAN)
sufficient hard disk space for documents (0 Mb locally if documents on LAN)

Benefits of CARUSR
CARUSR has offered many advantages over the traditional hardcopy methods, as summarized in
Table 1. The type of benefits vary, depending on the role of the particular user, whether he or
she is an editor, an author, a reviewer, or an end-user of the document. For the end-user, an
on-line document provides easy access, faster navigation, powerful searching, personal
annotation and rapid extraction of information. For a reviewer, the on-line document also offers
faster navigation during review, streamlined comment entry, powerful searching for embedded
information, comment logs and dialogues with colleagues, and finally, specific feedback from

the author via responses. For an author, the CARUSR document facilitates earlier feedback from
reviewers, improved comment quality, more complete review, and of course, a comment
repository for revisions or future discussions. Editors gain a more auditable, structured and
manageable review process, more thorough and complete review, compressed review cycles and
a document that has structural integrity and improved format consistency. Hence, CARUSR
offers a variety of benefits that appeal to almost everyone involved in a document's life-cycle.
Table 1: Summary of benefits by area, cross-referenced by feature.

Benefit How

Use
Easier Access
Faster Navigation

on-line document, can be used while preparing other
documents by exploiting MS- Windows' multi-tasking
links, previews of linked item, bookmarks, table of contents,
parent list, history

Powerful and Flexible Search fuzzy search, summary with scoring, iterative querying,
specific attribute searches, selectable scope, includes
Figures and Tables
Personal Annotation and Re-Use

bookmarks, Notebook, Attribute Sets, history, all saved in
sessionfile

Rapid Extraction of Information

search summaries, session exports, quick extractions to
Notebook or clipboard, filtered exports

Review
Saves Time

comments available earlier, minimal
distribution/collection/collation overhead, issues detected
earlier

Streamlined Reviews

less redundant entries due w workgroup visibility, reviews
focused via search, distribution, etc.

Improved Comment Quality

more constructive since public, richer content due to search,
pre-classified to help resolution

More Complete Review

search across document for content and consistency, related
comments inspired elsewhere, allows external reviewers to
review their own work

Auditability for Quality or Re-use

author/date stamping, responses on comments, unresponded
comments easily identified

Structured and More Manageable

hierarchial reviews, reviews can be monitored in more detail

Preparation
Structural Integrity Ensured
Quality of Format

conversion utilities guarantee referential links to exist and to
be numbered correctly
using CARUSR "Lint" checkers
(Many others when authoring is implemented)

Experience with Implementing CARUSR
Several issues have arisen while installing CARUSR at a given site. One issue is adequate machine
power to run MS-Windows™. Many sites are still using a number of slower 286s with 1 Mb of
memory. This situation has been overcome through accelerated upgrade plans and sharing of
CARUSR-capable machines. Effective use of CARUSR requires a LAN for efficient exchange of
comments and for reduced local disk storage of common documents and applications. Installation on
a LAN has become an issue at some sites that wish to minimize LAN traffic. However, test groups
have been set up on these LANs in the hope of expanded use in the future. Some users who have not
been proficient at Windows™ have learned to become more proficient through the use of CARUSR.
Customized training has been offered to all first-time users, followed by one-on-one tutorials to
reinforce or supplement earlier training. Extensive on-line help is available within the application to
give users specific assistance when a need arises.

The Future of CARUSR
CARUSR is now an established tool that is used widely within Ontario Hydro for the production
and review of Safety Reports. It has proven to be a stable, reliable product that increases the
efficiency of the document creation and management process and improves the effectiveness of
the review and comment process.
The major development effort to bring CARUSR to this state has been successfully completed.
Current development efforts are focused on specific enhancements based on user feedback.
Examples of current development work include the implementation of authoring in CARUSR for
editorial changes, allowing for a reviewer's input during resolution of significant comments, and
internal changes to improve performance.
Ontario Hydro has recently embarked on a program to enhance its safety analysis quality
assurance. CARUSR may play a major role in this program. In fact, the quality assurance
capabilities of CARUSR were recently demonstrated in an AECB audit, in which CARUSR was
able to provide evidence that the review and comment process was adequate. The fact that
CARUSR has this capability built in, as opposed to being added on, makes it the type of tool that
will overcome some of the inefficiencies that can be associated with quality assurance.
CARUSR, or parts of it, can potentially be used to facilitate other aspects of the quality
assurance program. Many of the key functions performed by CARUSR, such as comment
creation, response tracking, and contextual searching, are required throughout the safety analysis
process. This functionality could be used in a streamlined version of CARUSR, or it could be
ported to other tools. As a minimum, it will serve as a benchmark for evaluating other tools that
promise similar or greater capability.
In summary, the unique features of CARUSR have been its interactive commenting and response
tracking features, as well as its powerful search capabilities. CARUSR has also provided a full
audit trail for subsequent verification of the review process. Application of CARUSR at Ontario
Hydro has shown that it substantially increases the efficiency and accuracy with which large,

multi-author documents are produced and reviewed. The CARUSR technology may be
integrated in parts or in whole into the recently strengthened quality assurance processes for
safety analysis at Ontario Hydro. This will make CARUSR into a unique tool helping to
enhance and streamline document production and review under an evolving quality assurance
program.
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ABSTRACT
Critical Plant Control software must be tested extensively before being put into use. Regression
testing tools have been available but have been lacking in ease of use. RUNTEST is an IBM-PC
based regression testing tool with many features that exploit current hardware and software to
increase testing efficiency. The GRAPHICAL EXECUTABLE MODEL SPECIFICATION not
only improves the clarity and definitiveness of specifying program code rules but also eases and
automates test case generation to use in the regression testing process.
REGRESSION TESTING REQUIREMENTS
At all nuclear power stations, extensive testing is required prior to placing new or modified Plant
Control software into service. At Bruce "B", there is a requirement for a facility to allow
comprehensive regression testing (black box tests) to be performed on control programs which
have undergone modification. Multi-pass sets of inputs must be presented to modified program
modules to ensure that outputs have changed from those obtained from the last version in only
those ways that are intended by related specification changes.
REGRESSION TESTING PROCEDURES
In several stations, a full set of "Tester Decks" were developed to run under the "TESTER"
program developed by AECL to run on the a Varian Computer along with the modified code.
Tester Decks specify inputs and expected outputs. However, given the limited execution
environment and development tools available on the Varian, the syntax and functionality of the
Tester Deck commands available are limited. Adding the limited peripheral environment and
editing tools makes creating Tester Decks, executing them, and debugging them a very time
consuming and laborious task.

THE RUNTEST REGRESSION TESTING TOOL
A new IBM PC-based program, RUNTEST, provides an improved regression test facility.
RUNTEST Test Script input files created with the user's choice of editor or programmable test
case generator describe test cases of input conditions and expected outputs. The Test Script is
input to RUNTEST to exercise the program module thoroughly. In the PC environment, the
Test Script language can be and has been made more readable and flexible than the original
Tester Deck language.
Example commands: CALL \RTEST\DEFN.RRS NOLIST
; execute a file of commands
DEFINE DT1AA = aiO2464
; define an A/D input symbol
DEFINE PTHJ = core030002 Bl
; define a core address variable
GROUP PTHJ+0 = PTHJ+0 PTHJ+4 ; group same value symbols
SET DT1AA = 46.5 DEG
; set A/D to a value
EXPECT MSG ZPMS1
; expect an alarm message
PCORE MAXBAD 6.0000B15
; patch after load, before run
PROGRAM 011010
; specify programs to load/run
RUN
; execute programs 1 pass
CHECK PTHJ+12 = 0.9234B1 +/- .002B1 ; verify output value
A user interface featuring pull down menus allows the test person to interactively run test
scenarios with the program under test directly from the keyboard. The CALL command allows
scripts of previously created commands to be called to define commonly used symbols and
normal values and to set up sessions to a particular state. Moreover, a batch mode allows Test
Scripts containing multiple test cases associated with the complete test scenario for a particular
control program to be run.
TEST CASE GENERATION REQUIREMENTS
Independent of regression test environment chosen, test case sets of inputs that thoroughly
exercise code and create a set of expected outputs must be generated along with corresponding
expected outputs.
TEST CASE GENERATION PROCEDURES
In the testing of control software using Tester Decks, all test cases were generated by manual
calculation from program specifications/rules, tracing through operations flow sheets (if they
exist), and examination of Software Code itself to conceive useful sets of inputs and generate
the required outputs for a given test scenario. Although RUNTEST provides a more convenient
environment, input and output values must still be manually entered.
The following new specification technique makes choice of test cases more obvious and
automates the generation of expected output values.

TEST CASE GENERATION TOOL:
THE GRAPHICAL EXECUTABLE MODEL SPECIFICATION
To replace the often ambiguous textual program specification, a graphical specification technique
has been developed. Inspired by the Operational Flow Sheets in use at nuclear facilities such as
Point Lepreau Generating Station, Bruce 'B' Generating Station and Gentilly-2, traditional and
special purpose logic ( AND's, OR's, SELECTOR'S ) and arithmetic symbols ( MULTIPLY,
MEDIAN_LO ) are used to represent and define the action of logical function blocks
corresponding to the software modules comprising the complete software function. Function
names and input and output signal names are assigned to make the representation easily
understood by both the test person using it and plant operations staff. In itself, the graphical
specification clarifies program break points, data flow, and origins of alarm messages in a
definitive manner. This makes choosing sets of useful input test case sets that exercise all
program logic more obvious and complete.

The graphical specification is created and implemented using the commercial modelling and
simulation software package called XANALOG. XANALOG model editing tools are used to
produce a graphical model of the control program module to be tested. Program functions are
modelled using either standard icons of the XANALOG package or using specially programmed
icons representing algorithms created in a XANALOG internal structured language. For an
example, see Figures 1,2 & 3 for the Model of the Mechanical Control Absorbers module of
the Reactor Regulating System.
In addition to clarifying the specification, this graphical model is executable. A complete multipass test scenario of inputs can be processed by the model in a XANALOG simulation to
produce a set of expected outputs.
The model still needs a set of pass by pass input values in order to execute. To enable the input
values to be entered efficiently by a spreadsheet, a new capability was needed for XANALOG
model simulation. With Victor Kulikauskas, formerly of Martin, McCubbin & Associates and
Wardrop Engineering, a program shell called XAN_FIX was created that runs XANALOG in
a way that provides multi-column and multi-pass table input to an executable XANALOG model
during simulation. Table input values are passed by the INPUT.MDL submodel, see Figure 1.
Using the specification model as a basis, the test person creates test cases using a standard
spreadsheet such as Lotus 123 to specify input conditions for each pass. Values are usually
entered manually. However, all automatic spreadsheet tools for generating and filling columns
are available. Then the executable program specification model is run by XAN_FIX/XANALOG
with these inputs to efficiently generate the set of outputs and inputs in a binary file.

With A. Kozak of Ontario Hydro, program tools have been created to enable extraction of the
binary input and specification model output values from the XANALOG simulation/execution
environment in ASCII form (CONV.EXE in Figure 4). These values can then be used as test
case inputs and expected outputs with a regression testing tool to test the specified program
module as described below.
COMBINED USE OF BOTH TOOLS
Figure 4 shows how both tools can be used in tandem to test a given program module. The
ASCII inputs and outputs of the graphical model test execution above are converted into a Test
Script by a Dbase-compatible Foxbase program (CONVRRS.PRG in Figure 4). The Foxbase
program uses a data base (eg RRS.DBF) to relate model input/output signal names and values
to AtoD inputs, D/A outputs, core locations, etc in the Varian control program environment.
The Foxbase program also creates SET, CHECK, and RUN commands as needed to sequence
the test. The resulting Test Script can then be input to RUNTEST to test the actual program
performance versus the Graphical Executable Model Specification simulation results. Typically,
this process is run as a fully automatic batch run with a resulting alarm message output file and
a RUNTEST report of compare errors etc.
ADVANTAGES OF THE TECHNIQUE AND OPPORTUNITIES
Immediate benefits are evident; an overall reduction in the time taken to generate test cases due
to the clarity of specification constraints in the Graphical Executable Model Specification and
the simulation-generated expected output values, the production of an executable model largely
independent from the original coding team and in another "language" ensures an another degree
of diversity in the testing process, and the insight given to operations staff regarding the effects
of suggested code changes reflected in a more easily understood way by the Graphical
Executable Model Specification.
Software testing using this methodology has uncovered several bugs which given the right set
of plant conditions, could have caused control impairment. It has discovered loose ends in the
specification such as unrequested warning message prioritization induced by the sequential nature
of assembler coding.
A possible extension of the specification model could include the actual reactor plant itself rather
than a set of tabular inputs provided by XANFIX and the INPUT model icon. This would allow
testing of various control strategies. The model with the successful strategy would result in an
immediate and definitive graphical executable model program specification. Then the program
coded to implement the specification would be tested against the same specification model using
this technique.
The high standards now being demanded by regulatory bodies and the station operators staff, are
forcing more formalized and complete testing methodologies which can be achieved using the
techniques described. Currently, the Software for the Reactor Regulation System (RRS) for
Bruce 'B' is undergoing this testing method before installation of a new revision in 1994.
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ABSTRACT
CANDU generating stations incorporate special safety systems, whose function is to detect the
presence of adverse plant conditions and, under these conditions, initiate a reactor shutdown,
containment and emergency cooling. Recently, the design of these systems has incorporated
software components. As a result of the high integrity requirements placed on the overall systems,
the software components are safety-critical. One aspect of the software's integrity is its reliability.
The Canadian nuclear industry has a standard to which safety-critical software is engineered.
Associated with this standard is a procedure for testing the software to demonstrate statistically
its reliability. This paper focuses on a Computer Aided Software Testing (CAST) tool that
supports this procedure by allowing safety engineers to configure directly the automatic
generation of test cases using high-level concepts from nuclear operating experience and safety
analysis data. We describe the design of the tool and give an example of how it has been used on a
recent software development project.

1.

Introduction

Interest has grown recently in many quarters in the integrity of software. In particular, software
on which we place a high degree of dependence has been the subject of both popular debate - with
respect to whether it should be trusted, and scientific debate - with respect to techniques that can
be brought to bear to increase our confidence that it can be trusted (see, for example, Butler and
Finelli, 1991; Littlewood and Strigini, 1993). It is the latter debate to which the work reported
here aims to contribute.
The Canadian nuclear industry uses high integrity software in its generating stations. Special
safety systems have protective functions in CANDU reactors. In the case of shutdown systems,
this function is to detect the presence of any adverse plant conditions (including accidents) that
could threaten safety, and, under these conditions, initiate a reactor shutdown. These systems are
placed in the highest category of safety criticality. To ensure the integrity of such systems, the
Canadian nuclear industry has developed a standard to which their software components are
engineered (Joannou et ah, 1990).
This standard describes a software development methodology that is based partially on formal
methods. An example application of early versions of these methods can be found in Archinoff et
al. (1990); Craigen, Gerhart and Ralston (1994). Associated with this standard and its methods is
a set of procedures. One of these procedures specifically governs the approach to testing the
software to demonstrate statistically its reliability (Tomasone, 1991). This paper describes a
Computer Aided Software Testing (CAST) tool that has been developed to support the
application of this procedure on software engineering projects. This tool can be configured by
nuclear safety engineers without any specialised computer programming knowledge, since it uses
high-level concepts that are already familiar to its users.
In Section Two we present some theoretical aspects of a software reliability model that have
driven the development of both the procedure and the tool. In Section Three we discuss aspects
of the tool that arise from the practical requirement of meeting various assumptions made by the
model. In Section Four some details and rationale of the tool's design are presented. Section Five
gives some examples of how the tool has been used on an actual project, a digital trip meter
replacement at Ontario Hydro's Pickering Nuclear Generating Station. Finally, Section Six
presents conclusions from our experience with the tool so far and our current thoughts on future
directions for this work.
2.

A Statistical Model of Software Reliability: Theoretical Considerations

When the software engineering community refers to software reliability, it is typically referring to
software failure frequency per unit time. This is analogous to the Mean Time To Failure (MTTF)
measurement of reliability often associated with hardware devices. Most efforts in software
reliability engineering are aimed at estimating this frequency. These estimates are based on one or
more statistical models that extrapolate from the history of the software failure rate obtained
during testing. Collectively known as reliability growth models, these models are often used to
help schedule the release process.

In the context of high integrity software, such as that used in the special safety systems of
CANDU reactors, we have a very different conception of software reliability. Here, we are
interested not in testing for adequate reliability (that might not be there, as implied by the
semantics of the word 'test'), but in demonstrating it. This is because we believe that reliability
cannot be tested into a system. Reliability for software can only be achieved through a welldefined, rigorous software engineering process such as that described in (Joannou et ai, 1990).
The statistical model adopted in our procedure is based on the familiar concept of sampling. This
model has been proposed by many authors (most recently by Poore, Mills and Mutchler, 1993;
Taylor, Mills, Chen and El-Saadany, 1991; and Woit, 1993a). A detailed discussion of the rational
basis behind the use of this model in software reliability demonstration can be found in
(Waddington, 1993). Here we summarise its key features.
2.1.

The Unit of Software Reliability

If we are to demonstrate quantitatively that some software meets its reliability requirements, we
must have some appropriate unit to express those requirements in the first place. As Bloomfield,
Froome, and Littlewood (1991) have pointed out, the appropriate unit is closely tied to the modus
operandi of the software (or of the system in which the software is embedded). In the case of
special safety systems, since the function is a protective one, this modus is most accurately
characterised as a demand-driven function. That is, the system is required to provide its safetycritical function whenever called upon (demanded). The appropriate unit of reliability that follows
from this analysis is the probability of failure on demand. We represent this quantity by 6.
2.2.

Software Reliability Measurement

Software reliability is not measured directly using the sampling model. To place a value on the
actual reliability (failure probability) we would have to know in advance the number of different
ways in which a demand can be placed on the software. For software with several analog inputs,
this is not a tractable problem. Instead, we specify an acceptable failure probability for the
software, and use this as a required upper bound, Q
. We then demonstrate that the actual
required

failure probability, 0

, is lower than the upper bound. This demonstration is achieved by
actual

observing that the software pass a given number of tests, n.
This observation (or sampling in statistical terms) can be thought of as a statistical experiment
aimed at refuting the hypothesis that the software meets its reliability requirements. It is not
possible, based on a finite number of samples, to demonstrate with total (i.e., 100%) confidence
that the statistical outcome is the one that is true in reality. Therefore, as with all statistical
experiments the outcome has associated with it a level of confidence that it is indeed the correct
outcome. (In statistical terms, this is the probability associated with making a Type I error.) The
probability of having erroneously accepted the reliability demonstration is represented by a.

The three parameters of the model are related by the following inequality:

(X<(l-6 required)".
3.

(1)

Statistical Assumptions of The Model: Practical Considerations

It is not adequate simply to subject the software to n test cases and observe that it pass them all.
The sampling model makes many additional assumptions that must be met. In this section we
discuss a subset of these assumptions - specifically those that must be considered in the design of
the tool. A discussion of the other assumptions can be found in Waddington (1993). Since the
procedure supported by the tool can be thought of as a statistical experiment, clearly a significant
relationship exists between the design of the tool and the design of the experiment.
We can distinguish between those factors that affect the external validity and those factors that
affect the internal validity of the experimental design. A design has internal validity if it is
appropriate with respect to the hypothesis under test; a design has external validity if the results
are applicable outside the experimental context in which they were obtained. Below we identify
assumptions that are important for both external and internal validity.
3.1.

Assumptions Affecting Internal Validity

The first assumption is that the test cases be chosen randomly. In statistical terms, a test case
represents a single sample from the entire population of different demands that the software will
ever experience in-situ. Furthermore, if the test is passed, it is a sample from the entire population
of different demands for which the software will act as required. Since the sampling model is
based on random sampling, the test cases must be chosen randomly.
The second assumption is that the probability of the software passing any test be the same for all
tests. This assumption is due to the statistical model being based on the concept of the Bernoulli
experiment; it is a requirement of such experiments that the probability of the outcome of each
trial be the same (Hogg and Tanis, 1977).
3.2.

Assumptions Affecting External Validity

If the results of the experiment are to be interpreted as demonstrating that the software will
operate with the same reliability under operating conditions, the test cases must satisfy three
assumptions. First, they must exercise those software functions whose reliability is to be
demonstrated. In the case of shutdown systems this is the shutdown function.
Second, they must ensure that the demand of these functions occur in the same way as it would
in-situ. For example, if it is possible for a plant parameter to pass its trip set point within a few
seconds, the potential must exist for a test case to be generated that mirrors this possibility.
Thomas (1990) expresses the importance of this assumption directly when he states:

"There is only one way of achieving scientifically-valid measurements of statistical
probability of failure: by testing the exact delivered system under its operational
conditions. Once we move away from this we are dealing with a model of abstraction of
the system or its environment, and this abstraction has a finite and unknown probability of
being in error." Thomas (1990, p. 227).
Meeting this assumption is not only a theoretical concern for the purpose of having external
validity. Arthur's (1993) account of the initial reliability demonstration of the primary protection
system software at Sizewell B in the United Kingdom (which plays a role similar to that of
CANDU reactor shutdown system software) suggests that it might also affect the accuracy of test
case outcomes.
Third, they must be selected in such a way that the probability of software failure under test
conditions is the same as it is under operating conditions.
4.

Design of an End-User Configurable Test Case Generation Environment

4.1.

Usability Considerations

From the perspective of usability, any end-user configurable tool should afford its users an
environment in which they can work with abstractions that are already familiar to them. This is
especially true in an environment that is specialised to a particular domain (ESP, 1993), as
exemplified by the test case generation tool described here. The user interface of the tool has been
designed with this design principle in mind.
The relevant abstractions have been derived from a domain analysis of shutdown systems and a
task analysis of reliability demonstration. Both these analyses were simplified due to the fact that
the reliability demonstration of the shutdown system trip computer software currently installed at
Ontario Hydro's Darlington Nuclear Generating Station had been previously undertaken by two
of the authors. Below we describe some of the key abstractions that informed the design of the
tool. Further abstractions are also important to usability, but derive mainly from software
engineering considerations. These are described in Section 4.2.
Each test case is associated with one from a defined set of accident partitions. These partitions are
identified in the plant safety analysis. An example of an accident partition is a Loss of Coolant
accident. Partitions have various properties, including the duration of their trajectories, their
relative occurrence probability etc. The system trip software acts on the state of the plant as it is
represented in a combination of plant variables. These are parameters such as temperatures, flows,
pressures, levels etc. Some variables are represented in engineering units and are on a numeric
scale, others are represented by enumerated states, and are hence on an ordinal scale. Numeric
variables have properties that include their trajectory start and end values, their shape, their noise
component etc. Ordinal variables comprise initial state probabilities and state transition
probabilities that apply at various times throughout a trajectory.

As can be seen from this brief discussion, a user of this tool is prompted to work in terms of
external parameters that will effect a shutdown as opposed to more esoteric concepts such as data
types subroutines and other programming constructs.
4.2.

Software Engineering Considerations

4.2.1. Software Architecture
The key rationale behind the software architecture of the tool is the acknowledgment that one
cannot write down procedures that accurately reflect the environmental complexity exhibited in
physical systems. In contrast, since the complexity of many physical systems has been analysed in
some detail for reasons other than software reliability demonstration (as is the case with nuclear
generating stations), it is often possible to assemble reasonably complete data describing
important, known properties of the operating environment. Some of these properties in the case
of nuclear generating station shutdown systems are described in Section 4.1.
The tool implements a technique to convert this kind of declarative knowledge into the
procedures necessary to generate test cases. This technique is known as constraint-based
programming.
The potential of constraint-based programming for a general purpose programming environment
was first realised by Borning (1981). A full description of constraint-based programming is
beyond the scope of this paper; the reader is referred to Leler (1988) for a good overview. The
essential difference between constraint-based and more traditional programming techniques is that
in contrast to a step-by-step, imperative description of algorithms, the programming exercise is
reduced to one of specifying, declaratively, the constraints that govern the system being
programmed. Thereafter, an underlying constraint solving engine (with which the user need not be
concerned) performs the necessary procedural computation.
Such is the architecture of our test case generation tool. Note that this is not the first application
in the nuclear industry of constraint-based programming to construct a software tool. Ha, Hajek,
and Miller (1991) describe a successful, constraint-based approach to a related problem - that of
plant malfunction diagnosis.
Constraint programming systems are typically general purpose. However, since the tool we have
constructed is intended to be highly domain specialised, the constraint system is also tailored to
the predefined types of constraint that we have identified as appropriate for the task of generating
test cases.
This software architecture allows a productive separation of the two sources of input to a test
case generation exercise: On one hand, the software engineer can concentrate on the software
design (user interface, object architecture, constraint mechanism etc.) and implementation aspects;
on the other hand, the nuclear safety engineer can concentrate on the derivation of appropriate
data and constraints from the plant safety analysis and, if available, its operating history. (Of

course the initial requirements analysis is best seen as a collaboration between both domains of
expertise.)
4.2.2. The Class Library
The tool is implemented in Smalltalk, and takes advantage of Smalltalk's design and code reuse
philosophy. Smalltalk already contains much of the functionality required to implement the tool.
Here we describe the classes that were added to Smalltalk's existing class library and, where
appropriate, discuss how the design of the class library has been influenced by the requirement to
meet the assumptions described in Section 3.

Object
Partition

Variable RandomNumberGenerator

EnumeratedVariable

ProcessVariable

IndependentEnumeratedVariable

Distribution Range

NumberDistribution CollectionDistribution

IndependentProce ssVariable DependentProce ssVariable

Figure 1. The test case generation tool's core classes.

Figure 1 shows the hierarchical relationships among the core classes used to implement the
software architecture. (Other classes, such as user interface classes, are not shown, as they are not
important to understanding the main focus of this paper.)
The first assumption for internal validity is that the test cases be chosen randomly. A random
number generator is required that has known and acceptable properties. Algorithm AS 183
(Wichmann, and Hill, 1982) is such a random number generator. It generates a uniformly
distributed, pseudorandom floating point number within the range 0 to 1 exclusive. It is
implemented in class RandomNumberGenerator. Of course, it is unlikely that all possible ranges
of values in a description of a nuclear plant will be uniformly distributed. Therefore, class
NumberDistribution augments the capabilities of the random number generator. Instances of this
class contain a group of ranges (class Range), each with an associated relative probability of
occurrence. The functionality of this class supports the level of abstraction at which a user is likely
to work most effectively. Figure 2 shows how a user interacts with instances of class
NumberDistribution. This is an example of a distribution for trajectory duration times. The user
has specified that 5% of trajectory durations fall (uniformly) in the 1,000 to 10,000 millisecond
range, and 90% in the 11,000 to 80,000 millisecond range. The dialog shows that 5% of cases
remain to be accounted for. If an 81,000 to 90,000 millisecond range were specified for the
remaining 5%, then this distribution would approximate (very roughly) a normal distribution.
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Figure 2. A user interface dialog for specifying numeric distributions.

The second assumption for internal validity is that the probability of the software passing any test
be the same for all tests. This assumption is met by the independence property of the random
number generator (see Waddington, 1993).
The first assumption for external validity is that the test cases exercise those software functions
whose reliability is to be demonstrated. Here, this is the shutdown function. The most common
approach in software reliability engineering to meeting this requirement is to define an operational
profile that characterises the environment in which the software will operate - both in terms of
what inputs will be experienced and the relative frequencies with which they will be experienced.
Test cases are then derived based on this profile. There has been some recent interest in
techniques for defining accurately these operational profiles (see Musa, 1993; Woit, 1993b). In
the case of the software being discussed here, a definition of the operational profile is insufficient.
This is due to the modus operandi of special safety systems being demand-driven, and the fact
that a real demand occurs only very infrequently in practice. Hence the normal operational profile
is one that hardly ever exercises those functions that are significant to reliability.
To circumvent this problem we have extended the concept of the operational profile to the
concept of the demand profile. A demand profile allows the generation of test cases that meet the
assumption of exercising the required functionality.
Each test case derived from the demand profile begins with system inputs selected randomly, but
according to any user-programmed biases, from the operational profile. Hence, the system is
initially in a safe state (as it would be before the onset of any unsafe plant condition). The system

inputs then progress through a series of states directed towards an end state that guarantees a
demand on the software function to effect a shutdown. This end state is also chosen randomly
from a user-programmed description of end states. Each test case is a progression from start state
to end state of a collection of trajectories - one trajectory for each software input. This scheme
adopts Parnas, van Schouwen and Kwan's (1990) recommendations for trajectory-based
reliability testing.
The objects used to implement this scheme are also designed to allow the second and third
assumptions to be met, that the demand of the software function occur in the same way and with
the same probability as it would in-situ. Some of these objects have been introduced in Section
4.1. Each test case generation 'run' requires the user to install one or more instances of class
Partition. The random number generator is used to choose a partition for each test case from a
collection of partitions. The choice is made in accordance with a user-programmed distribution of
relative, percentage occurrence probabilities. Installed partition occurrence probabilities are
constrained to sum to exactly 100% before a 'run' is allowed1.
Once a partition has been chosen various attributes must be set before it can be used to generate a
test case. Each partition is an aggregate object. First, a trajectory duration time attribute is set by
randomly choosing a number in accordance with the partition's distribution of ranges of duration
(see Figure 2).
Next, the partition's variables must have their starting and ending value attributes set. The
relationship among plant variables is likely to be extremely complex. We certainly cannot expect
to generate test cases that capture all possible relationships. However, the intent of the constraintbased architecture is to allow the capture and modelling in the test cases of important, high-level
relationships that we feel can be included cost effectively. As we gain more experience with the
tool, we expect that the nature of these constraints will evolve.
The scheme adopted in the current version of the tool is as follows. Variables are of two main
types: subclass ProcessVariable defines the behaviour of numeric plant variables such as
temperatures, flows, pressures, levels etc.; subclass EnumeratedVariable defines the behaviour of
ordinal plant variables, for example control room push buttons, whose values describe states.
Class ProcessVariable is further subclassed into IndependentProcessVariable and
DependentProcessVariable. Instances of the former are used to represent those plant process
variables whose behaviour is unconstrained by other plant variables. In contrast instances of class
DependentProcess Variable derive their values along the test case trajectory from a user-defined
constraint that reflects the relationship between this plant variable and any instance of
IndependentProcessVariable. (For demand profiles that are described by several variables it may
be convenient to allow dependencies that refer directly to other instances of class
DependentProcessVariable.) Only a partition's independent process variables have their starting
and ending value attributes set. This is achieved in the same way that a trajectory duration
attribute is set, as described above.
'Some constraints, such as this one, are not user-programmable, since it does not make sense for them to be under
user control. They are applied as a matter of course by the tool to enforce as much consistency checking as
possible.

Independent process variables also have a trajectory shape attribute that must also be set before a
test case can be produced. This defines the shape that an independent process variable's trajectory
describes as it progresses from start state to end state. The shape is function is given by a simple
equation, shown below.

IPV, = IPVO + IPVT
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where, IPVt is the variable value at trajectory time t, IPV0 is the variable value at trajectory time
zero and IPVj is the variable value at trajectory time T = trajectory end time.
Equation (2) is used to calculate the value at any time, t, along the trajectory of an independent
process variable. The information needed in addition to that already discussed is a value for X.
This value is the shape attribute of a trajectory. It is set in the same way that a trajectory duration
attribute is set, as described above, using a user-defined distribution of ranges for X. Whenever the
value of an independent process variable changes (as a result of an advance of simulated trajectory
time), any dependent process variables that are constrained are automatically updated and
informed of the independent process variable's new value. This is achieved via Smalltalk's ability
to implement generic dependencies among objects. This ability was an important factor in the
decision to use Smalltalk as the implementation platform.
Both independent and dependent process variables have a noise attribute. This attribute is set each
time the variable value changes. The user specifies a maximum numeric value for the noise, and an
actual value is chosen by the random number generator from a range of plus to minus the
specified maximum. This simulates the effect of signal noise.
Finally, dependent process variables also have an absolute maximum and minimum value attribute.
Whenever the application of a constraint takes the new value of a dependent process variable
outside its allowed values, it is clipped to its maximum or minimum as appropriate.
EnumeratedVariable objects are implemented somewhat differently. In this version of the tool we
have only class IndependentEnumeratedVariable. (However, we envision a future requirement for
class DependentEnumeratedVariable, which will allow the user specification of constraints.)
Before an instance of this class can be included as part of a partition, the user must specify two
pieces of information: First, an instance of class CollectionDistribution contains the exhaustive list
of enumerated variable values and their relative percentage occurrence probability at trajectory
time zero. Hence these probabilities are constrained to sum to exactly 100%. Second, the user
must specify one or more sets of state transition probabilities and, for each set, the trajectory time
up to which they apply.

4.2.3. Generating Test Cases
When the user is satisfied that all the relevant information has been entered, test case generation
can begin. This involves a dialog asking the user for the number of test cases, the three seeds
required by the random number generator and the name of an output datafile2.
Once all the required attributes of a partition have been set through trajectory initialisation, the
particular test case is effectively chosen. If the user has programmed the tool with accurate data,
this (and every) test case will be a random sample from the population of all demands that the
software will undergo under operating conditions, chosen with the same probability with which it
is expected to occur under operating conditions.
Partition objects have an attribute that is fixed directly by the user in that it does not involve any
random decisions. This is the trajectory step granularity that governs the amount of real time
between the trajectory 'snapshots' that are written to the test case datafile. This attribute is not
strictly part of the true demand profile (which, of course, comprises mainly continuous variables),
but is necessary due to the inevitably discrete nature of the simulation. It is chosen in accordance
with the target test rig on which the test cases will be run.
5.

Features of a Demand Profile for the Pickering NGS Digital Trip Meter

The first project to use the tool described in this paper is a Digital Trip Meter that has been
developed for use at Ontario Hydro's Pickering Nuclear Generating Station. The demand profile
is relatively simple, yet it illustrates well how the relevant features of the plant environment can be
represented easily.
The major Independent Process Variable is the Boiler Inlet Temperature, which is measured in
degrees Celsius. Dependent on this variable is the Dependent Process Variable, High Temperature
Trip Setpoint. This is a high-going trip. Its value at the start of the trajectory (i.e., when in the
safe state taken from the regular operational profile) is constrained by a simple mathematical
relationship with the Boiler Inlet Temperature starting value. Its value remains constant
throughout a trajectory.
Finally Process Value Display is an Independent Enumerated Variable that represents the twovalued state of one of the trip meter's displays. Depending on an operator-controlled toggle, it
may be in state 'pv,' displaying the current process value of the signal input or it may be in state
'mtt,' displaying the margin to trip - the difference between the current process value and the
current trip setpoint. This variable is used to model the effects of operator intervention on the
demand profile.

2

A pragmatic requirement of the tool is that it support configuration control within its client project. To this end
the tool includes sufficient information in the test case datafile header to allow precise regeneration of the data if
required. In addition, each test case is numbered within the datafile to facilitate traceability.

6.

Conclusions and Future Directions

As new reactors are designed and built, and retrofits are made to existing reactors, the
prominence of software in special safety systems will likely increase. This software will be subject
to reliability demonstration through testing. The work reported in this paper will allow a high
degree of reuse of effort across many of these software engineering projects. Use of the tool will
reduce the amount of time required to generate the test cases. Prior to the existence of this tool,
test case generation software was custom written for each application. This was both time
consuming and cumbersome. With this tool the specification of test case data can be done directly
by nuclear safety engineers in a familiar format. Repeatability and traceability of the tests are
enhanced with a statistically valid random number generator and the serial numbers associated
with each test.
The reviewability of a project's application of the reliability demonstration procedure should be
facilitated by using this tool. This is because the tool itself should be subject to a software quality
assurance audit just once (for each revision of the tool), to ensure that it produces statistically
valid test cases in accordance with its requirements specification and the constraints with which it
can be configured. It then follows that these test cases meet the statistically based requirements of
the reliability model: they are both random and representative of real accident scenarios.
Thereafter the review process need only be directed at the nuclear safety engineer's derivation of
the data with which the tool was used.
An important consideration is that it cannot be demonstrated directly that the approach we have
taken produces test cases that increase our confidence in a software reliability demonstration. The
only direct result we have from a demonstration is that the software under test passed all the test
cases to which we subjected it. This result is, at least quantitatively, the same no matter how we
generate the test cases. Nor is there any direct measurement that can be made of how
representative a set of test cases is of the true demand profile; not knowing the exact profile acts
to preclude the possibility of such a quantification. The value of our approach rests in its
structured method for ensuring that the appropriate kind of data have been identified, as well as
the important relationships among them.
The first use of the test case generator, described in this paper, has been to demonstrate the
reliability of software for a relatively simple shutdown system component. However, we are
confident that the principles it uses can be extended and used to generate an accurate demand
profile for a complete shutdown system. Ontario Hydro is presently considering its use on a future
project, the redesign of the Darlington Nuclear Generating Station safety shutdown system trip
computer software.
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ABSTRACT
Fusion energy has been heralded as the successor to current nuclear fission technology, and as
a long-term environmentally sustainable resource. Since 1988, Canada has been a participant
in a project to build the world's first fusion energy engineering test reactor, called ITER
(International Thermonuclear Experimental Reactor). The purpose of ITER is to demonstrate
the scientific and technical feasibility of magnetic fusion energy. The ITER project represents
a first-of-its-kind international collaboration between four major parties, the European
Communities, the Russian Federation, Japan, and the United States. At an estimated
construction cost of almost $10B (1993 $CDN), it will serve as a world focus for an array of
leading-edge technologies, with potential applications in almost every major high-tech industry.
Canada has participated as a contributor to the European Community effort and currently donates
in-kind contributions of advanced technology developed in Canada.
The Canadian Fusion Fuels Technology Project (CFFTP) is responsible for providing and
coordinating Canadian engineering and technology support for the ITER project, while the
Centre canadien de fusion magnetique (CCFM) provides physics support. In March 1993,
Wardrop Engineering Inc. was retained by CFFTP to assess the technical feasibility of siting an
ITER-type experimental fusion reactor at a representative existing nuclear site in Canada, and
to conduct a preliminary economic analysis of Canadian economic impacts resulting from a
venture of this type. This paper details the results of this work, and addresses the merit of
developing a Canadian siting bid.

1.0 ITER SITING: THE CANADIAN CONTEXT
Canadian involvement in the ITER project has been well received internationally. CFFTP is
credited as having provided practical, utility-based engineering input in such areas as site layout,
conventional plant systems, radioactive confinement/containment zoning, isolation/power control,
and electrical distribution system design. For ITER, CFFTP has also fulfilled its traditional
role in the design of tritium purification, handling, and storage systems and in the design of
robotic, remote-handling mechanisms for maintenance and operation of the device.
In recent years, CFFTP has been successful in increasing the level of Canadian industrial
participation in the ITER project. This support has not only allowed these companies to develop
new skills in advanced technology, but also to pursue collaborative opportunities with
international partners in ventures un-related to fusion.
The timeframe of the ITER project is that an established site must be found within the next few
years. This would preclude the development of a "green field" site. For this reason, existing
nuclear sites (including power generation or research) were identified as having the greatest
potential as candidate sites.
There exist several compelling reasons for a Canadian ITER site based at an existing nuclear
facility. CANDU sites are ideally located on large bodies of water, readily accessible by road
and rail. Each site has a skilled, technically capable workforce with adaptable site
infrastructures to support new development. Canada is perceived to have a surplus of relatively
low-cost electric power and is a source for the large quantities of tritium that ITER will require.
In the context of nuclear facilities, Canada is thought to have several advantages with respect
to the regulatory licensing framework in that the existing regulations and guidelines are
sufficiently comprehensive to be adapted for fusion. Dramatic changes in the Atomic Energy
Control Act should not be required. As well, because CANDU reactors produce tritium as a
waste product, the Canadian regulatory agencies have developed a good technical understanding
of tritium health effects and have accepted Ontario Hydro's methodology in correlating station
emissions with estimations of public dose.
2.0 ITER SITE REQUIREMENTS
One of the most challenging aspects in establishing the assumptions used for this work has been
the assessment of the site requirements for the current ITER design. At this time, the new,
detailed engineering phase of the project, called the ITER Engineering Design Activity (EDA)
is in the second year of a six year program. Understandably, some aspects of the design are still
very fluid.

For the purpose of the CFFTP assessment, the published estimates of the earlier, three year
ITER Conceptual Design Activity (CDA) have been revised using the best information available
from the current ITER Joint Central Team (JCT) deliberations [1-5]. Table 1 outlines the
current design basis and site requirements for the revised ITER EDA design which is for a
device of 1500-3000 MW (thermal) fusion power. The current expectation is that the decision
process for ITER siting will begin in early 1995.
Of particular interest to Canada, from both a resource perspective and an economic perspective,
are the forecasted requirements for electric power and tritium fuel, operating power level, and
plant availability during the two operating phases of the project. Details pertaining to these
assumptions are addressed below:
Estimated Site Electric Power Requirements
Continuous Site Load: 200 MW
Additional Loads (during ITER operation):
Phase

Duration

Power Req 'd

Availability

Basic
Enhanced

10 years
10 years

105 MW
510 MW

2.5 %
10 %

For the economic analysis, the Canadian power rate was estimated to be $60/MWe • h, consistent
with the current average rate charged to industrial customers in Canada. It is important to note,
however, that the ITER facility, because of its low capacity factor and pulsed power operation,
is a very different power consumer. Given its special status, however, it is difficult to anticipate
whether or not the host utility would apply demand premiums during operation of the facility.
This would likely depend on the benefits to the utility over the long term versus the initial capital
equipment cost and costs to maintain a given "deliverable" capacity over this period. It may
also be the case that the host utility can couple fully interruptible loads with ITER demands to
overcome the challenges presented in providing variable power to the site.
Using the Ontario Hydro 1993 rate schedule for direct customers, Wardrop has estimated that
an aggregate power rate of $80/MWe-h to $120/MWe-h could potentially apply if standard
monthly demand rates were applied to ITER.

Estimated Tritium Requirements
Canadian tritium supply scenarios were analyzed as part of the economic study, consistent with
the above plant availability estimates. No tritium breeding is assumed for the basic operation
phase. To achieve a 10% availability for the enhanced phase, a tritium breeding ratio > 0 will
most likely be required. The Canadian supply during this phase, however, will be limited by
the production rate. The resulting Canadian tritium supply will be:
Basic Operation:

23 kg (assuming a 2 kg startup inventory)

Enhanced Operation:

26 kg

Tritium is a valuable commodity, with a current market value of $2-$3/Ci ($CAN) in small
quantities. Operation of the Darlington Tritium Removal Facility has established Ontario Hydro
as the largest non-military supplier of tritium in the world. Market values for Ontario Hydro
tritium could well be in the order of $20M/kg. For certain ITER operational scenarios, in which
the device is able to breed a percentage of the total fuel needed, Canadian tritium supply could
completely satisfy ITER fuel requirements.
3.0 TECHNICAL FEASIBILITY STUDY
In gauging the feasibility of ITER siting at a representative nuclear site, CFFTP chose the Bruce
Nuclear Power Development (BNPD), owned by Ontario Hydro, as a specific option for study
[6]. The BNPD is well characterized, having been the subject of many safety evaluations
(required of its many facilities). As such, BNPD exhibits many of the advantages of a Canadian
site, namely: location away from major population centres, well developed nuclear
infrastructure, large availability of onsite power, large site area, and proximity to a major
waterway to facilitate cooling and component transportation. In the study, documented BNPD
site characteristics were detailed and contrasted with draft ITER siting requirements. Issues
relating to radioactive waste disposal, tritium shipments, industrial infrastructure, public safety,
and socioeconomic factors were also addressed.
As evidenced by this comparison, the BNPD site is well suited for an ITER-type project, with
features that satisfy most of the current ITER siting requirements. The site is capable of meeting
power, heat sink, land area, seismic, and associated site requirements, which considered together
are similar to the requirements for the siting of an additional CANDU station. Transportation
to the site, in terms of 4-lane highway access, and commuting times from major airports does
not meet the current requirements proposed for ITER, although these may be unrealistic. As
well, proximity of the BNPD site to nearby cities and urban amenities does not meet the ITER
requirement for the site to be within 50 km of a large city.

Although the remote nature of the BNPD site may be perceived to be a disadvantage in the
above respects, there are many advantageous features associated with the site and the local
community, some of which stem from being somewhat isolated from established urban areas.
Figure 1 shows an ITER-type facility included as part of the overall BNPD site plan.
4.0 ECONOMIC IMPACT ANALYSIS
Wardrop's analyses pertain to the assessment of economic impacts [7]. It is important to
distinguish this form of analysis from a different approach known as benefit-cost analysis. As
a typical example, benefit-cost analyses are usually undertaken by the Federal Treasury Board
for projects that involve a significant expenditure of public funds. On the other hand, this work
is typical of analyses produced for major R&D ventures where the potential payback in terms
of economic impact created through spin-offs and high-tech jobs is more significant than the
direct costs and benefits of the project. This is an important distinction.
4.1 The Use of "Economic Multipliers"
Guidelines for conducting Benefit-Cost analyses have been prepared by the Treasury Board, and
have been in use for some time [8]. The approach is one which evaluates the net social return
to publicly funded investment expenditures (i.e., from a social opportunity cost perspective).
The use of economic multipliers is discouraged in benefit-cost analyses, with application only
in special circumstances. As quoted from [8], "The problem with using multipliers or
calculating secondary benefits is that in benefit-cost analysis one needs to eliminate consequences
which are common to alternate courses of government action." This implies that application of
multipliers to assess secondary employment benefits should not be used where these benefits are
derived solely from the investment of Canadian government money. One exception to this
convention, however, applies to projects where the expenditure of public funds creates an
opportunity for foreign investment that would not otherwise occur.
Multiplier effects are justifiable in programs which stimulate foreign investment or involve
significant numbers of visiting foreign scientists who will reside in Canada during the project.
Thus, the use of multipliers is justified in assessing the economic benefits associated with ITER
siting in Canada.
In contrast to the benefit-cost approach discussed above, Wardrop's economic analysis utilizes
impact multipliers to estimate the overall direct and indirect project related impacts, in terms of
indicators such as employment and economic activity (which relates to GDP). High-tech
projects differ significantly from the majority of typical projects (e.g. irrigation, transportation
projects) for which benefit-cost analysis was originally devised, and for which economic payoffs
can be more directly identified (e.g. more productive farmland, reduced transport costs). The
economic payoff from advanced technology expenditures is almost always more indirect (e.g.
by way of technology transfer to equipment suppliers), and generally more long term. The
unknown character of advanced technology requires substantial, early R&D expenditures if
economic payoffs are to be achieved in the long term (i.e., the time relationship between cost
and benefit is far different than for typical public service projects). As a result, the correct

attribution of future benefit streams to high-tech R&D projects is more problematic than is the
case for the more conventional types of projects to which benefit-cost analysis is usually applied.
For the purposes of this preliminary analysis, economic multipliers have been derived from
similar predictive studies conducted for a number of high-tech projects. These studies
encompass a broad range of technologies, and provide numbers from which the assumptions in
this analysis can be based [9,10]. There was no attempt to validate these assumptions by
reviewing studies which document actual impacts. Indeed, it is difficult to locate historical
studies of this type because of the diffuse nature, and deferred timeframe associated with the
impacts resulting from any particular venture.
4.2 Development of the Economic Impact Model
To evaluate the costs to Canada, and the economic impact associated with the project, Wardrop
developed a specialized Lotus 123 spreadsheet program called "$ISITE". The program employs
a wide range of variables that include estimates of ITER program costs, site requirements,
Canadian funding allocations, benefit mechanisms, and economic multipliers. In this study,
$ISITE was used to study four variations of a single funding option, specified by CFFTP for
evaluation.
The program was developed to assess other funding scenarios, and can be easily modified or
expanded to suit economic impacts of other high-tech projects and/or future economic analysis
of this type. Although the $ISITE program is specially developed to encompass a model of the
economic impacts of ITER siting, the approach is consistent with previous economic assessments
conducted to evaluate projects which have both facility construction and high-tech equipment
supply dimensions.
The $ISITE program allows the user to specify the investment distribution among three primary
Canadian partners: federal government, host province, and supporting province(s). The
expectation is that each of these three groups will derive benefits from the project in different
ways. The host province will benefit through local industrial development, and secondary job
creation resulting from the long-term presence of a large workforce and operating staff.
Supporting provinces would benefit through the supply of high-tech components to the ITER
site, supply of labour and expertise, and possibly through electric power sales. The primary
benefit from the federal government perspective would be the high-technology spin-off sales
gained by Canadian companies and the enhanced ability to compete for international contracts.
As well, each partner would receive additional tax revenue corresponding to the number of
Canadian jobs created during the project.

4.3 Benefit Mechanisms for Canada
The assumed mechanism through which benefits are derived as a result of a Canadian financial
contribution, is illustrated in Figure 2. The use of the Canadian contribution to purchase
Canadian goods and services is translated into direct benefits to Canadian enterprises by
assuming a certain percentage capture of the total expenditures (i.e., some elements of the
expenditures may involve the purchase of foreign equipment and/or services). Figure 1 shows
the distinction between primary jobs, created as a direct result of the Canadian
investment/expenditure, tertiary jobs which result from the supply of components, and secondary
jobs which are created through an economic multiplier effect. High-tech activity also results in
the creation of high-tech spin-offs (evaluated as primary jobs and hardware supply), whereas the
bulk of site construction activity does not. Different benefit mechanisms are assumed to apply
to program expenditures which apply to the development and supply of high-tech
equipment/services, as opposed to site construction activities (site buildings, structures, and plant
auxiliaries). Tax revenues are assessed only for primary and secondary jobs which are directly
created during the project. Jobs created from spin-off sales may not necessarily occur within
the project time-frame so these tax revenues have not been included.
There are also benefits to Canada which do not arise from Canadian investments/expenditures,
but are derived from the flow of international funds into Canada (see Figure 3). The presence
of international construction and operating staff at the project will create secondary jobs (mainly
service sector) to support the enhanced level of local activity. The primary sources of benefit
from international funds are high-tech activities and spin-off sales, derived from Canada's share
of income of operational expenditures at the site.
Wardrop's updated estimates of ITER operational expenditures indicate that over $4B will be
required for spare components and upgrades for the total operational phase. Local industries will
benefit from this activity, as evidenced by the benefits received by U.K. industries local to the
Joint European Torus (JET), which serves as an appropriate example [11].
The identification of benefits created by the above mechanisms is completely flexible in the
spreadsheet program $ISITE. The user is able to specify all variables which define the benefits
arising from site construction and high-tech activities.
4.4 Base Case Analysis and Results
It is generally recognized that the host country must bear the bulk of the facility siting costs to
counter benefits received by local and domestic industries. The bid for siting will therefore be
a highly competitive process, from both economic and political perspectives. As well, the
amount that the host country will agree to spend, over and above the other program participants,
will most likely depend more on international politics than the actual calculation of economic
benefits derived from hosting the ITER site. However, without a proper evaluation of these
benefits, it would be impossible to galvanize domestic support for the program.

For this analysis, a single investment option (BASE CASE) was addressed:
Total Funding (BASE CASE) =

2.5% of ITER Construction Phase
+ 15% of ITER Capital Cost
+ 2.5% of ITER Operation Phase

The issue of tritium and power sales by Canada is dealt with separately, (i.e., they are
considered external to the above funding commitment). The value of this contribution, as
accepted by the ITER project, will determine the percentage to which Canada is seen to
contribute to the entire project. In this respect, Canada may have to supply power and tritium
free of charge to enhance its siting bid, or may perhaps be able to seil power and tritium to the
ITER project at cost. For tritium, this may amount to the cost of production to Ontario Hydro.
Because of the disparity between real costs and the value as assessed by the ITER project,
Canadian supply of these commodities could potentially generate profit as well.
In this regard, the issue of project funding must still be resolved. Funding contributions by the
ITER parties, for both CD A and EDA phases, have been through the supply of "in-kind"
engineering/R&D services. This arrangement is such that no money flows between the parties
of ITER in the current phase. For the construction and operation phases, however, this is
unlikely to be the case, since expenditures will be concentrated in the site region. It is doubtful
that the entirety of these expenses will be borne by the site host (i.e., it is for this economic
activity that the host is expected to contribute proportionally more). It is anticipated that an
operations fund will be established for ITER and administered in a manner similar to that for
operation of the Joint European Torus (JET) or for the International Space Station "Freedom"
project.
Four variations of the base case option were evaluated. The most realistic of these variations
was the case where Canada includes the supply of tritium and electric power in its siting bid,
in addition to the base case funding commitment. This represents a Canadian contribution level
of 19-25 % of the total ITER program. The cost to Canada is estimated at $3.5 B, over a period
of 28 years. This investment is one which levers substantial foreign investment and generates
high-tech research and development opportunities, resulting in an economic impact of $12.4 B.
This includes an estimated 82,000 PYE and $5.5 B in high-tech spin-offs. Figure 4 shows a
summary output from the $ISITE program.
The economic impacts of this project were shown to compare favourably with the benefits
predicted for other major high-tech projects in Canada (both proposed and ongoing). Annual
funding requirements to support a Canadian ITER site were well within the planned level of
expenditures of these programs, but continued over a much larger period of time. As such, this
preliminary economic impact analysis illustrates that there is considerable merit, from a benefits
standpoint, in continuing to investigate the possibilities of siting the ITER project in Canada.

5.0 CONCLUSIONS
Wardrop has conducted a preliminary technical assessment of the Bruce Nuclear Power
Development (BNPD) site as a host site for the International Thermonuclear Experimental
Reactor (ITER). The study details the characterization of the BNPD site and compares this with
the requirements for the ITER site, as they are currently known. Licensing issues in Canada
are also described, and addressed as they may pertain to ITER. As evidenced by this report,
the BNPD site is well characterized, with features that satisfy most of the current ITER siting
requirements.
An economic impact assessment was also undertaken to examine the benefits resulting from
hosting the ITER project in Canada. A unique spreadsheet program called $ISITE was
developed to evaluate the costs to Canada, and the economic impact associated with the project,
by employing a wide range of variables that include estimates of ITER program costs, site
requirements, Canadian funding allocations, benefit mechanisms, and economic multipliers.
The preliminary economic impact analysis illustrates that there is considerable merit, from a
benefits standpoint, in continuing to develop a bid to site the ITER project in Canada. As well,
the potential benefit resulting from a seriously displayed Canadian interest in fusion, is such that
Canada could position itself for other, perhaps smaller, fusion R&D ventures in the future.
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TABLE 1
TECHNICAL FEASIBILITY STUDY FOR ITER SITING
UPDATED ITER SITE REQUIREMENTS AND CHARACTERISTICS

STANDARD SITE

ENHANCED SITE

UNACCEPTABLE

Exceed standard
requirements by 30%.
>_ ± 100 MW/sec

1. Electric power

200 MW continuous
(2 independent lines)
3rd line 800 MW
± 100 MW/sec over 100 sec

2. Heat sink

About 4000 MW (constant
load for periods ^<_ 2 weeks).

3. Land area

2L 40 ha. for plant
1300 ha for site

Additional >_ 20 ha for
construction facilities.

4. Geotechnical

Foundation bearing capability
of 20 t/m2.

Foundation bearing
capability of 50 t/m2.

Highly compressible soils.
Sites subject to subsidence
from mines or caves.

5. Hydrology

Hydrological pathways to
man and food chains
compatible with safety.
No vulnerability to flooding

Isolation from water
courses and aquifers.

Hydrological pathways
incompatible with safety.

6. Seismic

Safe Shutdown earthquake
(SSE) of 0.2g peak (hor.)

Low seismic design
requirements
Availability of documented
seismic data

Active fault zones. Soils
subject to liquefaction.
Unstable geographical
features.

7. Meteorology

Require at least one year of
site specific data & temps,
windspeed & dir, precip.,
wet & dry bulb data @ one
hour intervals.

Extended database of five
years

8. Topography

< ± 10m about mean
elevation for 1 km radius

< ± lm about same

TABLE 1 (Cont'd)
TECHNICAL FEASIBILITY STUDY FOR ITER SITING
UPDATED ITER SITE REQUIREMENTS AND CHARACTERISTICS
STANDARD SITE

ENHANCED SITE

9. Waste Disposal

Capable of storing, packaging
& shipping hazardous and
radioactive waste.

10. Sanitary System

Capacity for peak
construction population of
4500 & operating site
population of 1500

11. Domestic Water
Supply

40m3/min potable, fire,
general industrial use

12. Transportation

Safe transportation of nuclear
materials. Delivery of
equipment up to 9m wide, up
to 4m high, and up to 400 t.
Located within 1 hour from a
major airport
Rail link
Access to 4-lane highway

13. Industrial
Infrastructure

Typical of large nuclear plant

14. External Hazards

Horizontal Wind < 120
km/hr (lOVyr)
Tornadic Wind 200 km/hr
(lOVyr)
All other accidents (10^/yr)

15. Public Safety

Demography in accordance
with safety regulations.
Minimum exclusion radius of
2 km.

Low population density.
No need for excavation
plan.

16. Environment

Building standards and site
must allow proper effluent
plume.

Knowledge of
environmental monitoring
requirements.

17. Socioeconomic

Access to nearby city >
10km < 50km
Dwellings, schools, hospitals,
parks/zoos, hotels, churches
etc.

UNACCEPTABLE

• Operational 22000 t
(2750m3)
• Decommission 44000 t
(5500m3)

Delivery of components up
to 23m wide.
Barge access.

Long distances to transport
materials, labour and
equipment. Inability to
ship tritium to site.

Military exercise areas.
Munitions factories and
depots. High toxicity risk
plants.

% Spent on
Canadian Goods
and Services

Canadian
Funds

site Activity

Site Const.

Benefits

jr
\.

High-Tech or
Site Const.?

(A)

High-Tech

High-Tech
Benefits

y

75%

Primary Jobs
$60 k / Job

Job Multiplier
(X,)

(0.75 B )

(B)

Secondary Jobs
$30 k/Job
X, (0.75B)

Tax Revenue
50%
—w

•

Primary Jobs
$60 k / Job

v

Spin-Off
Multipl er i
(X,)

(0.5A)

25%
Tax Revenue

Components

0.35 ( J o b )

75%

(0.25 B)

Tax Revenue
'

Tertiary Jobs
$40 k / Job
(0.186 B)

0.35 (Job)
25%
5C%

Components

75%

( 0.5 A )

Tertiary Jobs
$40 k / Job

Hardware
(0.064 B )

(0.38A)
25%

Hardware

Spin-Off
Benefits

75%

X2 ( 0.75 B )

(0.12A)

25%
No
Spinoffs

Primary Jobs

Hardware &
Tertiary Jobs
X2 ( 0.25 B )

FIGURE 1
BENEFITS ARISING FROM
CANADIAN ITER EXPENDITURES

V

0.35 (Job)

International
Funds

Creation of
Site Workforce
in Canada
(C)
50%

Advanced
Tech/Precision
Manufacturing

Job Multiplier
(X5)

50%

Secondary Jobs
$30 K / J o b

%to
Canadian
Industry

Conventional
Construction

Job Multiplier
(X,)

Creation of
ITER Operations
Staff
(E)

ITER Operating
Expenditures
(D)

(X.E)

Job Multiplier
(X 4 )

Tax Revenue
0.35 ( J o b )

Secondary Jobs
$30 K/Job

Secondary Jobs
$30 K/ Job

High-Tech
Benefits

X,(O.5C)

X, (0.5 C )

(See Figure 1 )

Tax Revenue

Tax Revenue

0.35 (Job)

0.35 (Job)

Spin-Ofr Multiplier

Spin-Off
Benefits

FIGURE 2
BENEFITS ARISING FROM
INTERNATIONAL ITER EXPENDITURES
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CANADIAN CONTRIBUTION (MONETARY)
COST TO CANADA OF TRITIUM SUPPLY
COST TO CANADA OF POWER SUPPLY

1697
245
1596

$M
$M
$M

3538

$M

35540
26850
19251

1028
2133
806
770

$M
$M
$M
$M

81641

4737

$M

257
1841
5531

$M
$M
$M

12365

$M

TOTAL COST TO CANADA:
TAX REVENUE
PRIMARY JOBS
SECONDARYJOBS
TERTIARY JOBS
TOTAL
REVENUE FROM CANADIAN HARDWARE
PROVINCIAL UTILITY REVENUE
REVENUE FROM INDUSTRIAL SPINOFFS
TOTAL BENEFIT TO CANADA:

LEVERAGE:

FIGURE 4
$ISITE OUTPUT SHOWING COST/BENEFIT SUMMARY
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ABSTRACT
Ontario Hydro has undertaken a major program to address two issues at their Bruce
Nuclear Generating Stations. As part of that program GE Canada was requested to assist
Ontario Hydro in achieving the objectives set out.
The program had two objectives. The first was to significantly reduce the amount of
fretting caused by fuel bundle motion at the burnish mark region of the horizontal
pressure tube rolled joint. The second was to reduce the space between the most
upstream fuel bundle and the upstream shield plug to achieve a specific average value of
"gap" between these two components.
Since the reactors had been derated due to these issues and because the derating itself
would lead to accelerated pressure tube degradation it was essential to find a solution that
could be implemented quickly.
Ontario Hydro asked GE Canada to initiate a high priority program to develop ways of
attaching a flow straightener to an irradiated shield plug.
This paper describes the design and development of the flow straightening inlet shield
plug, the flow straightener, the flow straightener installation tool called the crimp tool,
and the flow straightener assembly into the flow straightening inlet shield plug.
Work performed by GE Canada has been funded by Ontario Hydro.

INTRODUCTION

The fuel channel shown in Figure 1 comprises a zirconium alloy pressure tube connected
to stainless steel end fittings at each end by means of high integrity roll expansion joints.
Pressure tubes support, contain, and centralize the fuel bundles in the reactor. There are
480 fuel channels in each of the eight reactors at Bruce Nuclear Power Development.
Pressure tube wear in the form of fretting occurs on the inside diameter of the horizontal
pressure tubes. Fretting is most prevalent at the inlet end of the pressure tube,
particularly at the rolled joint burnish mark region, and occurs in the bottom half of the
tube where the fuel bundle bearing pads contact the pressure tube bore. Fretting is
undesirable because this region of the pressure tube is the location of high residual
stresses caused by expanding the pressure tube to make the rolled joint. Fretting, as a
result of fuel bundle motion, is believed to be caused in part by flow turbulence.
In an effort to reduce flow turbulence one objective of this program has been to improve
the hydraulic performance of the shield plug and so reduce inlet bundle and bundle
element motion by streamlining the flow.
After the Bruce reactors had been in service for a number of years the pressure tubes
became irradiated causing axial creep. This increases the gap between the inlet end fuel
bundle and the inlet shield plug. Too large of a gap could allow relocation of the fuel
string in the unlikely event of a large inlet header break at high power levels. This could
lead to unacceptable reactivity excursions.
It was decided to fill the gap between the upstream fuel bundle and the inlet shield plug
with a spacer, called a flow straightener, that could also streamline the flow at the inlet
end of the pressure tube. A redesigned inlet shield plug to streamline the flow was
developed on the Bruce retube project. Essentially the same concept could be used for
this application except that a flow straightener would be an addition to an existing reactor
shield plug, something which had not been done before. The flow straightener reduces
turbulence and has been shown to reduce bundle motion in out-of reactor tests by 50%.
This in turn may lead to reduced pressure tube fretting.
Both issues may be addressed by converting the inlet shield plugs to flow straightening
inlet shield plugs (FSISP), herein referred to as the MKmD FSISP, by inserting and
retaining a flow straightener into the inlet shield plug skirts, thereby smoothing flow
turbulence and reducing the "gap" between the fuel bundle and inlet shield plug.

Development of the MKIIID FSISP was based on using a crimping concept to retain the
flow straightener in the inlet shield plug skirt. It was felt that a crimping concept would
best suit an in situ modification of existing reactor shield plugs which would be highly
radioactive and contain debris and scale. Alternative attachment methods such as
welding, interference fits, and threading were considered as were earlier concepts which
employed precision machining and swaged pins. These options were felt to be either too
time consuming or unacceptable in such an environment. The crimping process also
provided an advantage in that constant diameter flow straighteners could be used in shield
plug skirts of varying diameter; more precise installation techniques required custom fit
flow straighteners. The flow straighteners used were designed to a constant diameter to
fit into irradiated shield plug skirts having varying tolerances.
In cooperation with Ontario Hydro, GE Canada embarked on a program to design and
develop a suitable method of crimping a flow straightener into an irradiated shield plug.
Due to the urgency of the program a number of activities, most notably the flow
straightener and crimp tool design, were carried out in parallel. The elapsed time from
the start of the conceptual design through manufacture, test, and site installation and
commissioning was five months.
This paper discusses the main components of the program.

MKIIID FLOW STRAIGHTENING INLET SHIELD PLUG DESIGN

The inlet shield plug is a removable component, forming part of the fuel channel
assembly. See Figure 1. It provides shielding and permits access to the channel for
fuelling operations. The shield plug fits inside the end fitting liner and is held in place
by the liner locking lug. The radiation attenuation of the shield plug is roughly
equivalent to that of the reactor end shield.
The MKIIID FSISP is a modification to the existing inlet shield plugs currently used at
Bruce NGS. The inlet shield plug is removed from the fuel channel and a flow
straightener is attached to the inlet shield plug skirt. This modification is done at the
ancillary port using a flow straightener installation tool, called a crimp tool, that locally
displaces (crimps) the wall of the shield plug skirt to secure the flow straightener in
place. See Figure 2. The shield plug is then returned to the reactor.

FLOW STRAIGHTENER DESIGN

The flow straightener is a disc with one hundred and twenty-one 0.25 inch diameter flow
holes drilled axially through to streamline the flow. Three pairs of outer flow holes are
swaged 0.8 inches deep to form "runners" on the outside diameter of the flow
straightener. The runner pairs are equally spaced around the diameter to reduce window
jamming between the flow straightener and the shield plug skirt during assembly. They
also provide interference between the flow straightener and the shield plug skirt.
Three flow holes are counterbored to interface with three locating pins on the crimp tool
axial ram. This maintains correct flow straightener orientation during insertion and
crimping into the shield plug skirt.
There are three 0.25 inch diameter holes by 0.09 inches deep equally spaced and centred
on the circumference of the flow straightener to accept the displaced material from the
shield plug skirt during the crimping operation. A 0.012 inch radius around the top of
each hole is provided to prevent shearing or cracking in the root area of the crimp.
There was concern that the development work performed on unirradiated material would
not be representative of the irradiated shield plug material. Hence, the effects of
radiation embrittlement on an existing irradiated inlet shield plug skirt were studied in
a hot cell at AECL Chalk River. The results indicated that radiation hardening had not
occurred, thereby validating the development work using unirradiated material. The
crimp geometry was developed with test pieces that were at the upper material hardness
range to account for decreased material ductility.
The flow straightener material is ASTM A395 low cobalt nodular ductile iron, which is
identical to the inlet shield plug material, and weighs approximately three pounds.
Qualification tests have shown that the flow straightener will maintain its mechanical
integrity in the event of an inlet header or large diameter pipe break leading to fuel string
relocation. Tests were carried out using an equivalent static load of 40000 lb. It was
also shown that the flow straightener will withstand an axial pullout load of 1000 lb.

CRIMP TOOL DESIGN
The crimp tool assembly is a modular unit consisting of a frame assembly and the crimp
tool.
The frame assembly has an intermediate subframe which is bolted to the primary
irradiated fuel bay gantry/platform. The intermediate subframe supports an A-frame on
linear rails and bearings. The A-frame can be manually extended to the ancillary port,
or retracted to allow the gantry/platform to be used for other operations. The function
of the A-frame is to support the crimp tool, constant support hanger, control panel and
hydraulic system.
The crimp tool is suspended on a cable assembly which is attached to the constant
support hanger. This support arrangement minimizes the transmission of seismic loading
from the gantry/platform to the ancillary port. The constant support hanger is a
counterbalance mechanism that offsets the load of the 2200 pound crimp tool to within
100 pounds of being weightless. This allows the operators to easily align the crimp tool
in the vertical direction. The pendulum affect of the free hanging crimp tool also adds
compliance in the horizontal and axial directions during the alignment operation.
The crimp tool control panel contains the programmable TDC 100 Temposonic one-axis
linear displacement digital controller which provides the semi-automatic control of the
crimping process.
The crimp tool hydraulic system consists of the hydraulic power unit, control manifold
and the interconnecting piping. Three independent circuits operate the three crimp
cylinders used for crimping, the keyway cylinder used for the flow straightener torque
test, and the axial cylinder used for flow straightener insertion.
The crimp tool is a self shielding body that supports five hydraulic cylinders and
interfaces with the ancillary port. The fuelling machine pushes the active shield plug
through the ancillary port into the crimp tool which axially positions the shield plug,
inserts the flow straightener and performs the crimping operation. The crimp tool is
shown in its operating position at the ancillary port in Figures 3 and 4.
The crimp tool consists of four flanges and an axial ram housing. The front, middle and
rear flanges provide the necessary shielding to the operator as the irradiated shield plugs
have fields up to 60 R/hr (gamma) on contact. The operating dose rate to the operator
is less than 10 mrem/hr.
The snout flange interfaces with the ancillary port liner when the crimp tool is attached
to the ancillary port. There are four cutouts in the snout flange for access to the
ancillary port toggle bolts. The snout flange liner provides a smooth transition for the
shield plug as it enters the crimp tool from the ancillary port. A drain hole and drain
tray is provided for any D20 carry over from the fuelling machine.

The front flange contains an air intake port to allow air to be drawn across the crimp tool
by a vacuum system. A fibre optic port and a length of tubing for the fibrescope is
provided for inspection of the shield plug after crimping. The front flange also contains
a short liner with a key to ensure proper orientation of the shield plug during flow
straightener installation.
The middle flange contains three 5 inch bore double rod end hydraulic "crimp" cylinders
with crimp punches attached to each cylinder rod as illustrated in Figure 5. Each crimp
punch travels within a bushing and guide. Variable thickness shims are used to control
the proper crimp punch depth. Three ports equipped with guides are provided for
periodic inspection of the crimp punches using the fibre optic system. Located between
the middle flange and the rear flange is the shield plug stop ring where the shield plug
stalls on the fuelling machine side and the axial ram, carrying the flow straightener, stalls
on the bay side.
The rear flange contains a vacuum hole and a vacuum hose flange to interface with the
site vacuum system. It is used to remove debris or airborne particles during the crimping
operation and also controls any tritium present. One 1.5 inch double rod end hydraulic
"keyway" cylinder is attached to a bushing with a keyway slot cut in it to radially align
the key of the axial ram, and therefore the flow straightener, as it is being inserted into
the shield plug. The keyway can be retracted to allow for movement of the axial ram
during a flow straightener torque test.
The axial ram housing, see Figure 6, is spigotted onto the rear flange and contains the
axial ram. The ram contains three locating pins and three springs that position and hold
the flow straightener in place. The ram has six flow holes and a groove to allow an air
passage to the vacuum hole. The ram also houses the axial ram key and has a slot cutout
to accommodate the torque wrench. One 2 inch hydraulic "axial" cylinder is mounted
on the ram housing and is attached to the axial ram. The ram housing has a sliding
cover which is held open or closed by two ball plungers. When the cover is open, the
hydraulic power unit is automatically shut off to ensure operator safety.
A Temposonic n linear displacement transducer is mounted in the axial hydraulic
cylinder to provide continuous position feedback to the digital controller. The transducer
precisely senses the position of an external magnet on the cylinder ram to measure
displacement with a high degree of resolution. The extended and retracted positions on
the three crimp and one keyway hydraulic cylinders is precisely indicated by two ultra
precision limit switches mounted on each cylinder rod. An interconnect system
consolidates the eight wires into one to reduce the time required for control system
installation and maintenance. A safety interlock on the ram housing sliding cover is
provided by another limit switch and hydraulic valve.

FLOW STRAIGHTENER ASSEMBLY INTO SHIELD PLUG

The crimping sequence consists of a series of steps controlled by a programmable digital
controller. Control panel lights indicate when operator input is required at the end of
each step, and console buttons accept the input. The crimping process consists of the
following steps:
1.

Ancillary Port Connection

2.

Crimping Sequence
-

flow straightener frozen
shield plug advanced
flow straightener insertion
flow straightener wanning
crimping
manual torque test on flow straightener
fibre optic inspection of crimp
MKIIID FSISP retracted

3.

Ancillary Port Disconnection

4.

Quality Control Crimp Coupon Test

The crimping process begins by removing an existing inlet shield plug from the fuel
channel using the fuelling machine and transporting it to the ancillary port. The port
allows passage of the shield plug through containment into the irradiated fuel bay area.
The crimp tool is clamped to the bay side of the ancillary port where it receives the
shield plug from the fuelling machine.
To ensure that the flow straightener can be inserted into a radioactive shield plug skirt
that has debris and oxide accumulation, and to ensure an interference fit, the flow
straightener is cooled in liquid nitrogen for three minutes prior to insertion. This causes
a 0.006 inch shrinkage of the flow straightener outside diameter and allows the crimp
tool to position the flow straightener in the shield plug skirt in a consistent location.
The flow straightener is cooled in liquid nitrogen for three minutes and then manually
mounted onto the crimp tool axial ram locating pins. The axial cylinder then inserts the
flow straightener into the shield plug skirt. When the flow straightener is thawed, the
three crimp cylinders extend and the punches crimp the shield plug to the flow
straightener. A crimp is produced when material is displaced from the shield plug skirt
outside diameter into a hole on the outside diameter of the flow straightener. The
process creates local plastic deformation on the shield plug. The crimps and runners
hold the flow straightener firmly in place to prevent relative motion and to achieve the
axial pullout strength requirements.

A nominal 0.06 inch gap is left between the crimped-in flow straightener and the inboard
shoulder of the shield plug skirt. This ensures that the crimp tool can correctly and
consistently position the flow straightener axially in the skirt so that the centre line of the
holes in the flow straightener outside diameter align with the centre line of the crimp
punches, even if there is an accumulation of debris or oxide from the inside diameter of
the skirt while the flow straightener is inserted.
The crimped-in flow straightener is subject to two non-destructive tests. Firstly, a torque
is applied to the flow straightener while the shield plug is held from rotation by the crimp
tool. Secondly, a visual examination of the crimp profile on the shield plug outside
diameter is carried out using the crimp tool fibre optic package. The crimped-in flow
straightener can also be viewed inside the shield plug skirt.
The crimping operation is repeated until all of the shield plugs in the fuelling machine
(normally eight) have been modified. The crimp tool is then disconnected from the
ancillary port and the ancillary port closure plug is re-installed. The fuelling machine
is disconnected from the ancillary port and traverses to the reactor to exchange FSISP's
for other shield plugs awaiting modification.
Typically, a fuelling machine quantity of eight shield plugs per crimp tool are converted
to FSISP's daily. Two crimp tools operating at Bruce A and Bruce B allow up to 16
shield plugs to be converted daily, which could allow a reactor quantity of 480 shield
plugs to be converted in as little as 30 days under ideal conditions.
Destructive examination of regular samples is also performed on crimped-in flow
straightener test coupons. A coupon, representing the shield plug skirt, is fastened to a
mockup shield plug and manually inserted into the crimp tool. A complete crimp
operation is performed to crimp a flow straightener into the coupon. The coupon is then
sectioned, see Figure 7, and inspected against the specified crimp acceptance criteria to
ensure crimp consistency.

FUEL HANDLING CHANGES

In order to accommodate the crimp tool, several modifications were required to existing
fuel handling equipment.
The primary irradiated fuel bay gantry at Bruce A is modified to support two crimp tools
while they are attached to the bay side of the ancillary ports. The primary irradiated fuel
bay mobile work platform at Bruce B is modified and seismically qualified to support two
crimp tools while they are attached to the bay side of the ancillary ports.

The ancillary port bay side closure plug is redesigned for easier handling during the
crimp tool attachment sequences. Closure plug latch pins, which also take the crimp tool
attachment loads, are modified for higher strength to take the seismic loadings from the
crimp tool. The closure plug and ancillary port jurisdictional registration has been
revised as appropriate. A temporary liner is added to the ancillary port to support the
shield plug when traversing in and out of the crimp tool.
Operation and sequence additions have been made to enable the fuelling machine to
extract and replace multiple shield plugs at the reactor. Additional operation and
sequences have also been made to enable the fuelling machine to interact with the crimp
tool operator at the ancillary port where the fuelling machine positions and restrains the
shield plug while the flow straightener is inserted and crimped.

STATUS

As a result of the initial FSISP installation, Ontario Hydro has obtained approval to raise
power from 60% to 70% on Bruce A Units 1, 2 and 3. This is the first major milestone
achieved in returning the Bruce reactors to normal operating power since March 1993.
Generally, the FSISP conversion program has been operating successfully while spending
minimum dose rates and maintenance time.
As of April 1994, the flow straightening inlet shield plug conversion program is ongoing
at the Bruce A and Bruce B Nuclear Generating Stations. Over 2000 inlet shield plugs
have been successfully converted to flow straightening inlet shield plugs.
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ABSTRACT
Passive moderator cooling systems (PMCS's) are being developed to provide an emergency
heat rejection path from the CANDU reactor core to the air outside containment during the
unlikely event of a loss-of-coolant accident (LOCA) that coincides with the failure of
emergency coolant injection. PMCS's incorporate single- or two-phase natural circulation of
heavy water, single-phase natural circulation of light water, and natural-convection air heat
transfer, connected in series. Analysis confirms that PMCS's can reject the moderator heat for
an unlimited time following an accident. The PMCS, combined with other advanced heat
rejection concepts, appears to lower the core melt frequency by at least an order of magnitude
with little impact on economics. Further work is being performed to improve the design and
improve the economics. A scaled test for the flashing-driven two-phase natural circulation
within the heavy-water loop is planned to verify the overall concept and to assess the computer
codes used in the analysis.
1 . INTRODUCTION
Current CANDU 1 reactors incorporate several passive design features in protecting against a
wide variety of accident scenarios. Reactor shutdown is accomplished via two independent
passive systems: one uses rods which drop under spring assistance and the other uses
pressurized helium to inject a gadolinium nitrate solution into the moderator. Heat rejection
also has several passive features including the ability of the reactor coolant to thermosyphon on
loss of forced circulation. The dousing tank in some CANDU reactor designs acts passively to
reduce containment pressure, to wash out fission products from the containment atmosphere,
and to provide an emergency water supply to the steam generators. A light-water shield tank
around the reactor provides passive mitigation of severe accidents. Passive emergency coolant
injection (ECI) driven by pressurized gas is also used in combination with pumps.
Generally passive designs offer the potential for improvements in safety and capital cost
Safety would be expected to improve through a lower probability of failure of safety systems.
Capital cost might be reduced through the elimination of systems such as standby power and
pumped cooling water. For these reasons, a study is ongoing at AECL to assess the safety and
capital cost implications of a more extensive use of passive design features in CANDU reactors
[Spinks, 1991].
A design feature of CANDU is the separation of the low-pressure moderator from the highpressure coolant; the moderator can act as a backup to the conventional ECI system. In current
CANDU reactors, up to 28°C moderator subcooling is required to prevent calandria-tube
dryout and thereby assure fuel-channel integrity at the time of pressure-tube to calandria-tube
contact during the unlikely event of a loss-of-coolant accident (LOCA) that coincides with ECI
failure. Fuel temperatures stay below the melting point of UO2 [Brown et al., 1984]. Recent
investigations suggest that the required moderator subcooling can be reduced or eliminated with
1

CANDU: CANada Deuterium Uranium. Registered trademark.

improved fuel channels [Sanderson et al., 1993]. Revolutionary fuel and fuel channel
improvements fDutton, 1993; Hejzlar et al., 1993] may enable the moderator to preclude fuel
damage itself without relying on the active ECI system.
Moderator heat rejection is required during normal operation and during accidents. Operating
CANDU reactors use pumps for this purpose. However, it is preferable to achieve moderator
heat rejection by passive means at least during accidents, to enhance the diversity of the two
emergency core cooling systems: the passive moderator system vis-a-vis the active ECI
system.
This paper describes the passive moderator cooling system (PMCS) being developed as a part
of the integrated emergency cooling systems for advanced CANDUs. Also introduced are
analysis results, future developments, and plans for verification tests of the concept

2. ADVANCED CANDU EMERGENCY COOLING AND THE PMCS
Figure 1 illustrates three levels of emergency core cooling being developed for advanced
CANDU's [Spinks, 1993]:
Level 1:
Level 2:
Level 3:

(Steam Generators) Passive heat rejection through steam generators protects the
primary heat transport system (PHTS) given failures which impair the normal heat
sink.
(ECI) Emergency coolant injection protects the fuel, given failures in the PHTS.
(Moderator) Passive moderator system protects the fuel channels from failure,
given coincident failures in the PHTS and ECI systems.

Level 1 cooling is provided by gravity feed of water to the steam generator secondary side. To
facilitate the gravity feed, the secondary system is depressurized by rejecting steam to the
atmosphere through main steam safety valves (MSSV's). Natural circulation of the coolant in
the PHTS transfers the core decay heat to the steam generators. Level 2 cooling is
accomplished via the normal ECI system (pressurized gas-driven injection and pump-driven
recirculation) which provides makeup of inventory to the PHTS. Level 3 cooling, the subject
of this paper, is provided by the PMCS as a backup to the pumped ECI system.
As shown in Figure 1, the PMCS consists of two heavy-water natural circulation loops
attached to the calandria. Each heavy-water loop transports heat to an elevated passive heat
exchanger (PHX) which transfers heat to a light-water loop. Each light-water loop includes
one of two sections of an annular water jacket on the inside wall of a steel containment
building. Heat is transported by natural convection to the water jacket where it is initially
stored. Eventually the heat would be transferred, through the wall, to air flowing upwards
through an annulus between the steel containment and a surrounding concrete shield.
The water jacket serves the dual purpose of cooling the moderator and the containment It has
sufficient height and volume to provide the required flow rate and a one-day heat storage
capacity. A baffle increases internal recirculation that maximizes the heat storage capacity and
facilitates cooling of the containment atmosphere.
Two categories of PMCS design are being investigated according to the heavy-water conditions
within the calandria: the subcooled design and the zero-subcooled design. The subcooled
option was investigated first but the zero-subcooled design is being investigated to maximize
the economic benefit from fuel channel design improvements.

Level 3
Moderator

Emergency
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Figure 1. Three Levels of Emergency Core Cooling
for Advanced CANDU
3 . CONCEPT OF THE SUBCOOLED PMCS
3.1

Assumptions

The assumptions used in the development of the subcooled PMCS are as follows:
a. A CANDU using two PHT loops is adopted as the reference reactor design; therefore, loss
of coolant mass inventory can occur from only one of the two loops, assuming proper loop
isolation.
b. The PMCS is sized to serve as the heat sink for one loop of the PHT system, while the
other loop is passively cooled via the steam generator (Level 1 cooling).
c. Pumped moderator cooling loops are used for normal operation, to maintain the moderator
temperature at 71°C; therefore, the PMCS is designed only for accident conditions.
d. In accidents, a minimum subcooling requirement of 5°C is applicable, instead of 25°C in
current CANDU reactors.

3.2

System Description

Figure 2 shows the concept of the subcooled PMCS. Two passive (natural-circulation)
moderator cooling paths are added to the conventional pumped loop for normal operation.
Each heavy-water loop consists of a riser pipe from near the top of the calandria, a horizontal
pipe, the tube side of the PHX, and a return pipe (i.e., the cold leg) to the calandria.
CANDU calandria design has to accommodate an in-core LOCA: the failure of a fuel channel
within the calandria. A rupture disc, a heavy-water discharge line, and a retention chamber,
shown in Figure 2, perform three in-core LOCA functions:
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Figure 2. Concept of the Subcooled PMCS

a. overpressure protection of the calandria,
b. retention of the heavy-water inventory, and
c. provision of the static head to maintain the required subcooling at high moderator
temperature.
During normal operation, the moderator pressure and temperature are -300 kPa(a) and 71°C,
respectively, and most of the heat load is rejected through conventional pumped loops to
recirculated cooling water (RCW). A small fraction of the heat load (< 5%) can be rejected
through the passive loops, continuously demonstrating their availability. The light-water
temperature within the water jacket is maintained below 45°C, mainly via forced cooling
through heat exchangers located downstream of the PHX's. This maintains acceptable
working conditions within the containment with some heat rejection to the outside air at the
design basis temperature of 40°C.
Design calculations of the subcooled PMCS were originally performed using a quasi-steadystate computer program, MODPASSIVE, written specifically for the PMCS analysis [Beaton et
al., 1992]. A large number of simulations were performed to define the limiting accident
scenarios, to investigate the parametric effects, and to find an optimum design. An in-core
LOCA coincident with simultaneous loss of ECI and pumped moderator cooling is expected to
be the limiting (design-basis) accident scenario for the PMCS. The MODPASSIVE
simulations showed that two symmetric, reasonably sized passive moderator cooling loops
were sufficient to reject the moderator heat load.
3.3

CATHENA Analyses

Following the MODPASSIVE analyses, CATHENA [Richards et al., 1990] was used to
simulate the PMCS for an in-core LOCA. CATHENA is a one-dimensional best-estimate
thermal-hydraulic computer code that solves the transient fluid flow equations (non-equilibrium
two-fluid model) in a piping network. It has been successfully used for simulation of lowpressure two-phase flow systems, as well as for the accident analysis of CANDU reactors.
The purposes of the CATHENA analysis were to confirm the analyses performed by
MODPASSIVE and to investigate instability aspects. This section presents the results of the
CATHENA analysis for an in-core LOCA in the reference subcooled design.
In the CATHENA analysis, two symmetric passive moderator cooling loops were modeled
together with a simple pumped moderator cooling loop. The calandria was modeled as a onenode component, implying uniform temperature within the calandria. Natural convection air
cooling on the outside surface of the steel containment was simplified by applying a heat flux
boundary condition as a function of the surface temperature. The effect of the flow baffle
within the water jacket was ignored; the flow within the water jacket was conservatively
assumed to be one-dimensional downward flow.
A reactor trip was assumed to occur 150 s after the initiation of the accident. Before the reactor
trip, the forced cooling loops were assumed to maintain their functions.
The moderator heat load, given as a function of time, is illustrated in Figure 3. The heat input
to the moderator consists of three components:
a. direct moderator heating due to neutron and gamma radiations,
b. energy addition due to the coolant discharged from the broken PHT loop, and
c. the heat from fuel channels following pressure tube-calandria tube contact
Two important design criteria for the PMCS are to satisfy the moderator subcooling
requirement and to prevent boiling of the water jacket water. Figure 4 shows temperature
transients predicted for three days. The moderator temperature increases until the heat rejection
through the PHX exceeds the moderator heat load at -2800 s. The maximum moderator

temperature is ~128°C, for which 5°C subcooling is achieved with a pressure of 285 kPa at
the top of the calandria. The light-water hot leg (water jacket inlet) temperature increases
significantly after the loss of forced cooling, while the light-water cold leg (water jacket outlet)
temperature does not change visibly until -25 000 s due to the large water jacket inventory.
Finally, after three days, the water jacket inlet and outlet temperatures are 83°C and 73°C; i.e.,
below the saturation temperature at 1 atm.
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The calculated heavy-water and light-water flow rates are shown in Figures 5 and 6. The
heavy-water natural circulation flow rate increases significantly due to the increased
temperature difference between hot and cold legs before flashing starts to occur from the
horizontal section of the hot leg. This flow rate shows a sharp decrease at the start of flashing,
because two-phase flow in the horizontal section increases the frictional pressure drop. It is

restored soon, as flashing develops in the vertical hot leg section and thereby increases the
buoyancy driving head. Significant flow oscillations are predicted in heavy-water flow rates
during two-phase natural circulation. Single-phase circulation was restored at -6000 s,
showing stable behavior for both heavy-water and light-water loops. Figure 6 also shows the
void fraction predicted for the heavy-water hot legs. Note that the quality is quite small (< 1%)
even at void fractions of up to 80%.
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Two-phase natural circulation due to flashing was predicted for about an hour in the heavywater loops. For the present design parameters, flashing did not actually improve the loop

flow, because of the excessive frictional pressure drop in the long horizontal hot leg. It is
possible, however, to improve the heavy-water loop flow by increasing the hot leg diameter or
by decreasing the length of the horizontal section.
4 . ZERO-SUBCOOLED DESIGNS
Elimination of the subcooling requirement through fuel channel design improvements is
thought to be feasible [Sanderson et al., 1993]. This provides the possibility of a design where
the moderator temperature is maintained near saturation and flashing occurs in the hot leg of a
passive heavy-water loop even during normal operation. As the moderator system operates
near atmospheric, the void fraction in the horizontal hot leg becomes quite high (> 70%) even
with a small quality of ~ 1 % . Therefore, the hot leg diameter can be increased significantly to
decrease the frictional pressure drop without an excessive increase of heavy-water inventory.
The decrease in the two-phase frictional pressure drop would not only increase the overall loop
flow rate but also improve the flow stability.
Two zero-subcooled design concepts are being investigated: a design with purely passive
heavy-water loops common to both normal and accident conditions (Figure 7), and a design
with separate active and passive heavy-water loops for normal operation and accidents (Figure
8). In both cases, the higher moderator temperature makes utilization of the moderator heat for
feedwater heating a viable option with the potential for improving the plant electrical output by
as much as 2%.
The option of the purely passive heavy-water loop has been investigated first concentrating on
the performance for normal operation. CATHENA simulations for the heavy-water loop of
Figure 7 have shown that the flashing-driven two-phase natural circulation can be used to reject
normal moderator heat without an instability problem. Figure 9 illustrates the oscillation of
heavy-water flow calculated for normal operation.
The retention chamber in Figures 7 and 8, normally filled with the helium gas, is introduced to
retain the liquid inventory after an in-core LOCA. With the moderator being only slightly
subcooled, the steam discharging from a broken channel might push most of the calandria
inventory into the retention chamber. The water needs to return to the calandria before there is
a need to cool the fuel channels. Some of this water might re-enter the primary system, so
there is a need to assure that the remaining moderator inventory is sufficient After the water
returns, the natural circulation of the heavy-water loop would start from single-phase, but soon
develop to two-phase, as the moderator is heated.
The initial moderator heat load for the in-core LOCA would differ from that of Figure 3. With
expulsion of the moderator from the core the reactor would be immediately shutdown and, in
fact, needs to be immediately shutdown, because of the immediate loss of pumped heat
rejection. Assuming a sufficient return of inventory to the calandria, the key heat load is that
which develops after 600 s due to heat transferred from contacted fuel channels. As shown in
Figure 3, the heat from contacted fuel channels is only ~30% of the heat load during normal
operation and should be easily rejected in the configuration of Figure 7 or Figure 8.
5 . FUTURE WORK
The subcooled PMCS, combined with other advanced heat rejection concepts (Figure 1), was
previously assessed to lower the core melt frequency by at least an order of magnitude with
little impact on economics (Beaton at al., 1992). The zero-subcooled design, however, is
expected to improve the economics as well as the safety. The higher moderator operating
temperature provides the possibility of using the moderator heat to preheat the secondary
feedwater. Heat transfer from the moderator to the cooling water becomes more effective due
to the increased temperature difference; a smaller heat exchanger can be used for the same flow
parameters. In addition, purely passive moderator loops without any circulating pumps are

possible, though the cost implications have not been fully analyzed. Reactor-physics
calculations indicate that the effect of the increased moderator temperature on fuel bum-up is
negligible. Therefore, the present developmental effort is focused on the zero-subcooled
design.
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Figure 7. Zero-Subcooled PMCS with Purely Passive HeavyWater Loops with Combined Heat Exchangers
Flashing-driven two-phase natural circulation of the heavy-water loop has not been fully
verified through experiments. A full-height volume-scaled experiment is being planned to
provide overall understanding of the flashing-driven two-phase natural-circulation behavior and
data to validate the analysis. Also planned are separate measurements of flow pattern, void
fraction and two-phase frictional pressure drop for low-pressure high-void two-phase flow in
large-diameter vertical and horizontal pipes.
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6 . CONCLUSION
This paper has presented the progress in developing passive moderator heat rejection concepts
for advanced CANDU reactors. It can be summarized as follows:
a. The PMCS can be used as a part of a multi-level safety concept to prevent severe core
damage. It would improve core melt frequency by at least an order of magnitude with little
impact on capital costs.

b. The concept of the subcooled PMCS has been confirmed through accident analyses.
c. The zero-subcooled design, with improved fuel channel design, would improve the
economics as well as the safety.
d. Tests are being planned to confirm the concept and to verify the computer codes used in
design calculations and accident analyses.
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1.

ABSTRACT

Refuelling problems at Darlington Unit-2 shortly after going in-service led to the discovery
of endplate cracks in several outlet bundles. Subsequent out-reactor tests and examinations
showed that the cracks were caused by axial response of the fuel string to the channel
acoustics brought about by the 5-vane pump impellers. A series of tests were performed at
DNGS-3 (prior to criticality) to evaluate the response of the fuel string to 5-vane and then 7vane pump impellers. The test program included detailed mensuration of bundles before and
after testing. This paper discusses the permanent deformation of the bundle due to the zero
power hot tests and the evidence that suggests that the axial response of the bundles has been
eliminated under 7-vane pump impeller operation.

2.

BACKGROUND

For over 30 years, CANDU nuclear fuel has been successfully irradiated in the power reactors
and successfully discharged from the cores using on-line fuelling machines. Fuelling at full
power has played an important role in making CANDU capacity factors among the highest
in the world.
There are two variations in the basic fuel handling systems used in current CANDU reactors.
The Pickering/CANDU-6 system which was derived from the Douglas Point reactor, fuels
with the flow by loading new fuel at the inlet end of the channel. The design incorporates
fuel separators on the fuelling machine head to separate fuel bundles from the column during
refuelling. A flat face shield plug at the outlet end of the each channel holds the fuel bundles
in the core against the coolant drag forces. The Bruce/Darlington system which is derived
from the Nuclear Power Demonstration reactor, fuels against the flow by loading new fuel at
the outlet end of the channel. A latch mechanism is incorporated at the downstream end of
each fuel channel to permit the passage of bundles in one direction only. The latch allows

the fuelling machine ram to push bundles into the core from the downstream end of the
channel but prevents fuel bundles from being pushed out of the core by the coolant drag
forces.
In November 1990, a routine fuelling operation on Channel N12 of Darlington Unit 2 was
aborted due to difficulties encountered while inserting a pair of fuel bundles recycled from
another channel. Hie followup investigation showed that the centre seven elements from the
downstream bundle had broken loose, and had interfered with normal refuelling. These
elements had been carried past the fuel latch by the coolant flow, and had prevented other
bundles from being inserted into the channel.
To determine the cause of the bundle breakup in Channel N12, an extensive investigation was
launched. This involved many sectors within the nuclear fuel industry in Canada.
Examinations of the damaged fuel in the hot cells at Chalk River Laboratories revealed that
the endplate cracks were the result of high-cycle / low-amplitude fatigue. Fuel inspections
in the Darlington fuel bays showed the presence of endplate cracks of other outlet bundles.
Out-reactor testing carried out at AECL-CANDU and STERN Labs later demonstrated that
the cracks were linked to the axial response of the fuel string. The response is amplified by
pressure pulsations arising from the vane passing frequency of the 5-vane impellers of the heat
transport system (HTS) pumps.
The vane passing frequency was increased to decouple the axial response of the fuel. This
was done by increasing the number of vanes on the pump impellers to seven. To demonstrate
that the impeller design was the primary cause of the fuel damage and that the replacement
design reduced the fuel axial motion, a series of tests were performed at Darlington Unit-3
to measure the axial motion of selected fuel bundles in several fuel channels. Fuel motion
was monitored using specialized instrumentation developed at AECL-CANDU. Tests were
done at zero power conditions but at the full operating range of coolant flows, temperatures
and pressures. These tests involved an extensive set of measurements including
characterization of HTS acoustics and dynamics, and the response of fully instrumented fuel
bundles.
Following the Unit-3 tests, many of the instrumented and uninstrumented bundles were
shipped to AECL-CANDU Sheridan Park Engineering Laboratory for detailed inspection and
mensuration. This paper discusses some of these measurements, in particular;
a)

the plastic deformation of outlet fuel bundles that occurs at high temperature
and pressure, and under full flow conditions, and

b)

fretting wear that occurred between inter-element spacers which shows that the
axial response of the fuel string is significantly lower when subject to 7-vane
pump impeller operation.

3.

BASIC STRUCTURE OF THE FUEL BUNDLE

The half metre long CANDU bundle is comprised of an array of fuel elements whose ends
are welded to two thin endplates. Each fuel element has interelement spacers attached to it
at the midplane to provide separation from neighbouring elements. Each of the eighteen
elements located on the outer ring of the bundle have three bearing pads to maintain
separation from the pressure tube.
The endplates of the CANDU bundle have three concentric rings connected to each other by
several radial webs. The centre fuel element is welded to a radial web and the remaining
36 elements are welded to the three endplate rings: outer, intermediate, and inner. The thin
endplates permit differential axial expansion and axial load shedding among the elements
within the bundle. The loads imposed on the bundle by the coolant hydraulic drag forces are
evenly distributed among all fuel elements. The thin endplates also permit bundles to bend
or skew while residing inside sagged pressure tubes.
Coolant passing through the bundle at high velocity, in the order of 10 m/s, excites low
amplitude vibration of the fuel elements in both the radial and transverse directions. This
motion generally results in material loss by fretting on the surfaces between mating
interelement spacers, and between the bearing pads and the pressure tube.

4.

AXIAL LOADING OF THE OUTLET BUNDLE

Outlet fuel bundles are kept in position within the channel by a fuel latch. The latch is
comprised of four spring-loaded fingers which extend perpendicular to the fuel channel and
provide axial support for the downstream bundle. When the latch fingers are fully inserted,
they contact the flat surfaces of the endcaps of between 14 and 16 outer elements on the
downstream bundle. The end dimensions of the fuel bundles are carefully controlled to ensure
that the endplates never contact the latch fingers. The bundle is held against the latch by the
hydraulic drag imparted by the coolant flow through the upstream bundles. During refuelling,
the spring-loaded latch fingers are forced to retract to allow insertion of new bundles in the
upstream direction.

5.

BUNDLE GEOMETRY CHANGES

Several of the fuel bundles shipped from Darlington were characterized at the AECL Sheridan
Park Engineering Laboratory (SPEL) before and after the Unit-3 tests. The objectives of the
measurements were to quantify any changes to bundle geometry due to the tests and to verify
that the axial response of the fuel was sufficiently reduced when subject to 7-vane pump
operation.
Many of the characterization measurements were performed by a coordinate measuring
machine (CMM). The CMM uses a remotely controlled probe to locate various points on the
bundle in three dimensional space. These measurements were reproducible to within 10 jim.

Some measurements, such as the heights of the interelement spacers were not accessible with
the CMM probe. Spacer heights were measured with a shadowgraph, which provides a
magnified image of the spacers by focusing a light source at the bundle midplane. From this
image, the pad heights can be measured with a resolution of about 20 fxm.
Both the CMM and shadowgraph provided sufficient measurement accuracy and repeatablilty
to determine very small changes in bundle geometry. The analysis of the measurements and
their implications are presented below.

5.1

ENDPLATE WAVINESS

Endplate waviness is defined as the variation in the axial direction of the endplate surface
relative to some reference point at one weld centre on the endplate, as shown in Figure 1.
The CMM probe maps out the surface by contacting the endplate at the weld centres at each
element, between welds, and at the midpoint of each radial web of the endplate.
Endplate Waviness of New Bundles
Prior to the Unit 3 Tests at Darlington, the endplate waviness was measured for several new
bundles from both Canadian bundle manufacturers. Figure 2 shows the average waviness at
the weld centres for each endplate ring relative to that of the outer elements. These
measurements indicate that the endplates at both ends of the bundle from both manufacturers
are slightly concave. This is referred to as endplate dishing. The endplates from one
manufacturer are dished by about 225-300 um, while endplates from the other manufacturer
are generally flatter, in the range of about 0-50 um. Bundles with dished endplates at both
ends have outer elements that are generally longer than elements on other rings.
The measurements also showed that some weld centres on the intermediate and inner rings
had localized high points or endplate bumps. These are shown as the large dots on Figure 2.
These high points coincide with the weld sites that are the closest to the four-way
intersections of the endplate, i.e., where the radial endplate webs traverse circumferential
endplate rings. The average height of the high points relative to the average axial location
of the welds for each ring are also shown on Figure 2. They are more pronounced on the
intermediate ring than on the inner ring, and also at one end of the bundle compared to those
at the other end. As indicated in Figure 2, the high points were not the same size for both
fuel manufacturers. In some cases, the endplate bumps on the intermediate ring from one
manufacturer were greater than the amount of endplate dishing at the intermediate ring. Thus,
elements attached at these weld sites nearest to the four way intersections of the endplates
were the longest elements in some bundles.
Endplate Doming
Doming refers to the endplate deformation that can occur on bundles that are supported by
a fuel latch. Under the influence of the coolant hydraulic drag force, the non-outer elements
tend to be displaced in the axial direction relative to the outer elements that contact the latch

fingers. At high temperature, some of the elastic deformation becomes permanent; this can
be measured by the CMM. When doming occurs, the upstream endplate becomes more
dished and the downstream one becomes less dished or even slightly convex.
Figure 3 shows the average endplate waviness of a new bundle along with the waviness
measured on a bundle after the 5-vane pump impeller test. This bundle had resided in the
outlet position of Channel R12 for a few days under zero power hot flow conditions. Its
angular orientation relative to the latch fingers is also shown in Figure 3. The centre regions
of both endplates were permanently domed by about 175-200 pm.
Localized Deformation of the Endplate Outer Ring
In addition to the doming of the endplate, local deformation occurred near the four
"unsupported" outer elements (#1, 6, 10, and 15) that were located between the latch fingers
in Channel R12. Both endplates deformed locally by about 100 pm in the direction of the
flow near elements # 6 and 15. These elements are also located near the endplate radial webs
and had about double the amount of endplate deformation of the other two elements (#1 and
10) that are located away from the webs, see Figure 4. A similar pattern in local deformation
of the endplates was observed for other bundles measured from other channels in the 5 vane
impeller tests (see Figure 5), and for outlet bundles removed from Channel K12 after the 5and 7-vane impeller tests (see Figure 6). Channel K12 was an acoustically active channel
with the 5-vane impeller, and a relatively quiet channel with the 7-vane impeller. The
endplate deformation for the two outlet bundles in K12 was similar, indicating that the
deformation was primarily due to the flow rate. The preferential deformation of the endplate
at unsupported outer elements near the radial webs of the endplate, indicates that specific
bundle alignments against the latch fingers can give rise to relatively high strains in the
endplate.
Prior to the Unit 3 tests, bundles were loaded at specific alignments in some channels to
ensure that there would be a close alignment of the endplate high points between bundles.
The darkened lines illustrated in Figure 3 show the orientation of the endplate radial webs for
the neighbouring bundle in upstream position #2. With this alignment, the hydraulic drag
force along the fuel column was concentrated through the intermediate elements of one bundle
to the other. This may have contributed to the amount of endplate dishing on the outlet
bundle and the amount of local defonnation near the unsupported outer element # 6.
Bundle "Parallelogramming"
Under the influence of the coolant drag force, bundles become parallelogrammed when the
support surface of the downstream endplate is not perpendicular with the horizontal axis of
the section of pressure tube that contains the fuel bundle. Since a pressure tube has some
degree of sag, even at the start of reactor life, its axis is not horizontal. In the flow direction,
it points slightly upward near the outlet end of the channel and downward at the inlet end.
As shown in Figure 7, pressure tube sag at the outlet end of the channel will cause the top
elements of downstream bundles to displace in the direction of flow relative to the bottom
elements. At the inlet end, the direction of sag is reversed and the bottom elements of these

upstream bundles displace more axially than the top ones.
Bundle parallelogramming was observed on all endplate waviness measurements. The
parallelogramming appears as a "sine wave" pattern superimposed on the outer ring endplate
waviness measurements. The plastic deformation of the outer ring of endplates shows that
top elements were permanently displaced in the direction of flow by about 80 to 140 um
relative to bottom elements, see Figures 5 and 6. This deformation corresponds to an endplate
skew of about 0.04 to 0.08 degrees relative to the axis of the fuel bundle. The direction of
the skew on upstream bundles was reversed, as expected.

5.2

OUTER ELEMENT RADIAL PROFILE

To measure the axial profile of the outer elements, bundles were placed horizontally in a
pressure tube half shell. Using the CMM probe, the coordinates of selected points along the
surface of elements located at the 9 o'clock position were located on a horizontal plane. At
the 9 o'clock position, the effect of gravity on the element profile was minimized. The profile
of the element in the radial direction was determined by comparing the position of the
selected points along the sheath to a reference "straight" element (see Figure IX After each
element was profiled, the bundle was then rotated in increments of 20 degrees for similar
measurements on all outer elements.
Bundles are barrel shaped if the outer elements are predominantly bowed outward, and
hourglassed shaped if they are bowed inward. New bundles were found to be barrel shaped
as indicated in Figure 8. This figure shows that the amount of bow at the midplane was
positive or in the outward radial direction for all outer elements. In addition, the elements
attached near radial webs were generally more outwardly bowed than their neighbours (see
Figure 8). These elements were bowed outward at the midplane by about 400 to 500 um.
Profile measurements from an outlet bundle following the 5-vane impeller test showed that
elements at the 3 and 9 o'clock positions, that were unsupported by latch fingers, were
outwardly bowed by over 500 (im at their midplane. This was significantly greater than the
midplane bow of all other elements, which had midplane bows ranging from about 50 um
inward to 200 um outward. These measurements are shown in Figure 9.
The outer elements of the outlet bundle are supported eccentrically by the latch fingers. This
support, and the compressive axial loads from the upstream bundles, results in a bending
moment that drives these elements inwards at their midplane. Since there is no inward force
acting on unsupported elements, their manufactured bow may be accentuated by the axial
compressive load of the fuel string.

5.3

INTERELEMENT SPACER HEIGHTS

To measure the fretting wear on interelement spacers, a technique was developed many years
ago at SPEL using a shadowgraph. The shadowgraph provides a magnified image of the

spacers by focusing a light source at the spacer plane of the bundle. The combined heights
of the contacting spacers were then measured along one side, from the sheath of one element
to the sheath of the neighbouring element, as shown in Figure 1. Pre- and post-test
measurements of spacer pad heights provide a direct measure of height reduction, or material
removed during the test.
Shadowgraph measurements of spacer pad heights following the Unit-3 five-vane tests showed
that the heights of the interelement spacers between elements on the intermediate and inner
rings were significantly reduced On average, these pads experienced about 6 times more
material loss than spacer pairs elsewhere on the bundle (see Figure 10). Similar
measurements from a bundle tested in the same channel and position, but with 7-vane pump
impellers, showed that there was no discernible difference between the height reduction of any
type of spacer pair (Figure 10).
Following the post-test bundle measurements, several bundles were disassembled so that the
interelement spacers could be examined under microscope. These bundles came from Channel
K13 after the 5-vane tests. Channel K13 has a similar feeder geometry and acoustic response
as Channel K12. The length and orientation of the striations on the fretted surfaces of
selected spacers were recorded, as given in Table 1. Almost all interelement spacers had
transverse scratches, which averaged about 60 um in length, except for spacers on elements
between the intermediate and inner rings. Scratches on these spacers were in the axial
direction, and were about 105 um in length. The direction of the scratches provides evidence
of axial motion of the inner 7 elements and the length of the axial scratches was consistent
with the amplitude of axial endplate motion measured during the test. To a lesser degree,
some axial scratches on the same spacer pairs were also found on neighbouring bundles
immediately upstream of position #1.

6.

DISCUSSION

It is evident from these measurements that bundles deform and fret under zero power, inreactor conditions in a number of ways. The majority of these responses are related to the
coolant flow, the flexibility of the bundle components, and the way in which the fuel string
is supported in the channel.
The coolant hydraulic drag forces appear to cause doming of the endplate and
parallelogramming of the bundle. The amount of deformation is independent of the pump
impeller design since the same amount of deformation was observed for bundles after the 5
and 7-vane impeller tests. However, the amount of localized strain of the endplate is affected
by:
1)

the angular orientation of the bundle relative to the latch fingers when outer elements
near the radial webs of the endplate are unsupported between the latch fingers, and

2)

the alignment of the high points on the intermediate ring of the endplates between
adjacent bundles.

In Channels K12 and K13, the endplates cracked during the 5-vane impeller tests, after only
a few days at full flow conditions. These cracks occurred near element #22 near the four way
intersection where the radial web traverses the intermediate ring of the endplate.
The doming of the endplate also affects the bowing of the outer elements. The magnitude
depends on the alignment of the outer elements that are near the endplate webs and the latch
fingers.

7.

CONCLUSIONS

7.1

The permanent deformation of the endplates showed such effects as endplate doming,
bundle "parallelogramming", and localized deformation of the outer endplate ring at
sites where elements were not supported by the latch. In some cases, the deformation
was found to be similar between bundles tested under both 5- and 7-vane pump
impeller conditions. Thus, each of the types of permanent deformation can be
attributed to the hydraulic drag of the coolant flow, and the resulting high axial loads
acting on the outlet bundle.

7.2

The correlation of outward bow with endplate radial webs on new bundles is likely
due to the manufacturing process. The latch support of the outer elements under high
axial loads results in an inward moment of force at the element midplane.
Consequently, these elements are not as outwardly bowed as the unsupported elements.

7.3

The location, length and the axial orientation of scratches on spacer pads between
inner and intermediate elements suggests that the inner seven elements were
responding axially under conditions generated by the S-vane impellers. Examinations
of bundles subjected to the 7-vane impellers showed relatively small amounts of wear,
and no significant difference between fretting wear at the different spacer sites. Thus,
the axial response of the inner elements was eliminated following the installation of
7-vane pump impellers.
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RELEASE OF SEMI- AND LOW-VOLATILE
FISSION PRODUCTS FROM BAREUO, SAMPLES
DURING POST-IRRADIATION ANNEALING

Z. Liu, D.S. Cox, R.S. Dickson and P.H. Elder

Fuel Engineering Branch
Chalk River Laboratories
Chalk River, Ontario Canada KOJ 1J0

Post-irradiation annealing experiments have been conducted as part of the COG-funded
program on severe accident fission-product release at the Chalk River Laboratories
(CRL) between 1983-1992. UOj samples with and without Zircaloy sheath have been
used in the experiments to investigate the release of fission products in different
environments. According to their release behaviour, the fission products measured in
these experiments have been grouped into four categories: noble gases (Xe and Kr),
volatiles (Cs, I, Te and Tc), semi-volatiles (Ru, Nb and Sb) and low-volatiles (Ba, Zr, La,
Ce, Pr, Eu, Nd and Pm).

The UO2 samples were taken from fuels irradiated in the NRU reactor, the Bruce A unit
3 CANDU reactor, and an American light water-reactor (LWR). The burnup ranged
from 101 to 829 MWh/kgU for NRU fuels, 413 to 567 MWh/kgU for Bruce fuels and

1375 MWh/kgU for the LWR fuel. The samples were exposed to air, steam, argon or
argon/2 %H2 in furnaces at temperatures ranging from 738 to 23S3K. Fission-product
releases were directly measured by a 7-spectrometer which viewed the sample and
monitored the count rates of all isotopes except noble gases. The noble gases, with low
•y-ray e n e r g y (Xe-133) o r low 7 - y i e l d

( K r - 8 5 ) , were m o n i t o r e d by

a n o t h e r 7-spectrometer measuring the activity in the exhaust gases swept from the
furnace.

This paper focuses on the release of semi- and low-volatile fission products from bare
TJOj samples (without Zircaloy sheath). Simple expressions for the release rates of these
fission products are recommended, based on the CRL experimental data. The release of
noble gases and volatile fission products is more complex than the semi- or low-volatile
fission products, and simple expressions of release rates are not adequate to describe
their release behaviour. For this reason, the release behaviour of volatile fission
products and noble gases will be reviewed in future work that includes release modelling
comparisons.

The release data for semi- and low-volatile fission products has been evaluated and
summarized along with the test conditions and fuel types as graphical "release maps".
These maps provide a useful way of depicting the data for safety analysis. A release map
for Ru is shown in Figure 1.

The maximum release rates measured in each test are summarized and plotted as a
function of test temperature.

Where possible, a simple Arrhenius expression for the

maximum release rates has been derived. Figure 2 is an example showing the release
rate of Ru in air.

Semi-volatile fission products are potentially volatile: they can be rapidly released in
certain conditions of environment and temperature.

This group includes Ru, Nb and Sb.

In general, their releases are controlled by the chemical state of these fission products,
which varies with oxygen potential and temperature, resulting in specific behaviour for
each element.

Ru can be rapidly released when it is oxidized at temperature as low as

973K, but it is not released in inert atmosphere unless the temperature is high
(>2273K). Nb is released in air at 1973K, and in steam at 1573K. The release above
2073K is fast, and faster in steam than in air. In inert conditions, Nb is released at
temperatures higher than 1873K. Releases of Sb have been measured in air (T>1473K)
and in steam (T>1673K).

The low-volatile fission products are mainly released by matrix stripping (i.e..after
volatilization of the UO, itself) at high temperature (>2073K). The releases of Ba, Zr,
La, Ce and Pm have been measured in air. Ba is also released in inert conditions when
the temperature is higher than 2273K, but La is not released. In steam at 2173K, Ce is
released, but not Zr. In this group, Zr and La exhibit more similar release behaviour
than other low-volatiles. The existing data suggests that Eu, Pr and Nd are not released,
but no data at high temperature in air is available for these fission products.

The maximum release rates R (fraction/min) as a function of temperature T (K) for
some semi- and low-volatile fission products are summarized below.

Ru:
In steam:

R «2.6xl0 7 exp(-42000/T)

(1623K<T<2273K)

In air:

R ^3.6xl05exp(-19000/T)

(573K[1]<T<1123K)

R « 29 exp(-8100/T)

(1123K<T<1723K)
(1723K<T<2353K)

Nb:
In argon/2 %H2:

R « 1.2X10*exp(-55000/T)

(2073K<T<2353K)

In steam:

R » 1.8xl0-Jexp(-2800/T)

(1473K<T<1973K)

R ^3.4xl0l4exp(-79(XX)/T)

(1973K<T<2323K)

R » 1.7xl0"exp(-67000/T)

(2073K<T<2353K)

In argon/2 %H2:

R = 8.5xl0*exp(-47000/T)

(2273K<T<2353K)

In air:

R ^ 2.0 x 107 exp(-47000/T)

(2173K<T<2353K)

R ^2.8xl0"exp(-68000/T)

(2173K<T<2353K)

R = 1.4xl0llexDr-66000/T)

(2173K<T<2353K)

In air:

Ba:

Zr:
In air:

La:
In air:

Some of the semi- and low-volatile fission products (e.g.,Ru, Sb, Zr, Nb, Ce, Eu and Ba)
are important contributors to public dose under reactor accident conditions. This

summary presents simple expressions for the release rates of some of these fission
products. The rate expressions can be used for analysis of situation when the UOj is
exposed, such as during end-fitting failures, fuel handling incidents and under severe fuel
damage conditions. Other CRL experimental data is available for Zircaloy-clad fuels,
and will be summarized separately. The release of fission products from clad UOj is
usually delayed, and reaches lower amounts, compared to the release from bare UOj.
Thus, the summary of data presented here may also be used as a conservative, upperbound estimate of release from clad fuel under accident conditions.
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ABSTRACT
AECL's Tunney's Pasture facility located in Ottawa was used for research, production and
worldwide shipping of radioisotopes. After thirty (30) years of operation it was shutdown in
1984 and decommissioned in two phases. During the first phase which began in 1985 and lasted
until 1987 staff moving to the new Kanata facility, now the property of Nordion International,
removed the bulk of the equipment. After a three (3) year period of storage under surveillance
AECL initiated in 1990 the second phase of decommissioning which was completed in August
1993. In January 1994 the AECB unconditionally released the facility for unrestricted use.
The paper provides an overview of the second phase decommissioning project and a summary
of a few lessons learned for the benefit of future endeavours of the same kind.
Historical Background
AECL's Tunney's Pasture facility is located just south of the Ottawa River and west of the
Parliament buildings on a 2 hectare property in the heart of the nation's capital. It consists of
a 2-storey building with a basement covering an area of approximately 3000 m2 in an "H"
configuration. The facility, with its 9000 m2 of working space, was used for research, production
and worldwide shipping of radioisotopes. It had operated for approximately 30 years when it was
closed down in 1984 and its staff was transferred to a larger and more modern facility in the
municipality of Kanata outside the capital city. The complex was operated by the Radiochemical
Company, a former division of AECL, until it was privatized by the Government of Canada in
1988 and divided into two companies, Nordion International Inc. and Theratronics International
Ltd. both presently headquartered in Kanata.
The Radiochemical Company moved into its new office and laboratory at Tunney's Pasture in
1954 as the Commercial Products Division (CPD) of the Eldorado Mining and Refining Limited.
In 1958, the first laboratory research irradiators were delivered and in 1964 the company installed
its first industrial units, to sterilize medical supplies. In 1971 a 20 kW Slowpoke reactor was
installed in the facility to locally produce radioisotopes. By 1983, the growth in the sale of bulk
radioisotopes and finished radiopharmaceuticals for medical diagnostic purposes necessitated the
construction and opening of the more modern Kanata Isotope Processing Facility. The Tunney's
Pasture complex was by then outdated and had outlived its usefulness.
Following the shutdown of the plant in 1984, the first phase of decommissioning at Tunney's
M-0S9ZP

Pasture began in 1985 and lasted until 1987. In this stage, staff moving to the Kanata facility
removed the bulk of the equipment, including the Slowpoke reactor and hot cell manipulators,
which were used to remotely handle the radioisotopes. Radioactive waste such as ducting, piping
and miscellaneous equipment was shipped to Chalk River for disposal. At the completion of the
first phase of decommissioning, the plant was in such a stable state that its nuclear ventilation
system could be safely shutdown and that continuous radiation monitoring was no longer
required. In this condition the facility could be left inoperated for several years without possible
spreading of residual contamination. Only intermittent inspections for the purpose of determining
necessary maintenance interventions were then required. The building was hence vacated of
operating personnel but remained under active surveillance for three years with the continuous
presence of security personnel in order to meet the regulator's requirements pertaining to a
nuclear facility possession license.
In 1990 AECL initiated the second phase of decommissioning activities with the goal of
obtaining from the regulating Authorities an unconditional release of its facility for unrestricted
use or reuse. Authorized to begin in 1991 by the Atomic Energy Control Board (AECB), the
project was completed in August 1993.
Second Phase Decommissioning Project
The second phase decommissioning project consisted mainly in the dismantling and removal of
the building nuclear ventilation system and of the various hot cells utilized for the processing of
radioisotopes, and in the general and thorough cleanup of the entire complex.
The total radioactive inventory facing the second decommissioning phase was less than 4 Ci.
The principal radioisotopes responsible for this inventory were: Am-241, Th-228, Ra-226,
Cs-137, Cs-134, Co-60, Eu-152, Eu-154, C-14, Ni-63, Cl-36, Sb-125, U-235, Cd-109 and M29.
Ventilation System
As most of the radioactive inventory was deposited in ventilation equipment, dismantling efforts
were concentrated in the "fan room" area first An auxiliary ventilation system was temporarily
installed to replace the services provided by the systems normally in place and slated for
decommissioning. The dismantling task was not technically demanding in terms of tooling but
did require great personnel discipline in terms of work habits in an area contaminated with many
of the above listed radioisotopes. This work was done fully suited and lasted 9 months including
the temperature record breaking summer months of 1991.
Hot Cells
The next major undertaking at Tunney's was the removal of the 8 hot cells. The 3 largest ones
consisted of a single concrete structure 10 m long by 4 m wide and 3 m high. 13 mm thick steel
cladding was applied to the cells' exterior and interior surfaces. An additional stainless steel
cladding of 4 mm was fixed to the interior steel cladded surfaces. The walls were 1 m thick and
*4-CSWP

the roof 0.8 m thick. More than 65 steel lined penetrations were distributed here and there.
Finally, all ventilation systems were routed through the supporting concrete base pad which was
10 m long, by 10 m wide and 2 m deep. The concrete density was 3830 kg/m3. The
decommissioning of the cells was performed in two steps. During the first stage, all
contaminated components were removed by trained AECL staff. During the second stage the
entire remaining structure was methodically cut down in pieces by Ontario Cutting and Coring,
an outside contractor specialized in diamond wire cutting of large concrete masses. The
contractor performed his task under the continuous supervision of radioprotection staff. After
verification, a large quantity of concrete waste was released to the local landfill as ordinary
industrial waste. The task was completed in 3 months. 2000 tons of concrete waste were
disposed of and 30 tons of lead were decontamined and recycled.
Decontamination techniques adopted during the project were mechanical in nature and consisted
mainly of scrubbing, shaving or vacuuming. Wet decontamination was not implemented in order
to avoid the production of secondary radwaste and chemical decontamination was rejected in
order to avoid the generation of mixed hazardous waste.
Radwaste Characterization
Up to September of 1992 decommissioning work had generally progressed relatively well but an
inventory of radwaste had also sufficiently accumulated on site to affect the background fields
of radioactivity and thus hamper further progress of work in several areas. The ability of
available instruments to discriminate contaminated material in the areas of the building close to
where radwaste was stored was diminished by the influence of the high background activity
levels emanating from the storage areas. This inventory developed on site for several reasons,
the principal one being the length of time it took for site personnel and for AECL research
personnel to develop a mutually acceptable protocol of waste characterization prior to disposal.
The characterizing of radwaste in the field away from established assaying facilities draws upon
science, art and a fair dose of common sense. It is an end of cycle activity which has yet to
reach its maturity as acceptance criteria for waste disposal facilities are evolving in unison with
the materialization of the facilities themselves. The scope of this endeavour had not been fully
realized at the initiation of the project
From September 1992 until May 1993 a major waste characterization effort was thus deployed
in order to dispose of the backlog radwaste inventory off site. This effort involved extensive
searches into past operating records, verification of radiological surveys performed during
decommissioning activities, the development of a comprehensive sample archiving system for
quality assurance, direct and smear measurements, spectrometry, and finally chemical analyses.
This undertaking allowed decommissioning work to resume and to proceed earnestly until
completion with background activity levels diminishing with each shipment of radwaste off site.
After segregation, a project total of 300 m3 of radwaste in various packaging forms was finally
shipped off site.
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Unconditional Release of the Facility
Following the removal of all buried drains in the licensed area of the basement floor, specific
training sessions for the final survey were provided towards the end of May. The final survey
began in early July and was completed in late August with an application to the AECB for the
removal of the license governing the utilization of the facility. The survey required a
complement of seven field workers and surveyors, an administrative assistant, and three
management personnel for supervision and analysis functions. The Board audited the building
and AECL's survey records in early September and were satisfied with their findings. In January
1994, the Board unconditionally revoked the operating licence of the Facility with the
acknowledgement that AECL was henceforth unrestricted in its plans concerning the future of
its property with respect to the Atomic Energy Control Regulations.
Building security remained intact and is provided by an automatic surveillance system connected
to a security contractor retained by AECL's corporate office in Ottawa. The building is now
empty of personnel and generally unattended except for routine inspections.
FmaJLSuryey
The final survey was comprised of the following types and approximate numbers of individual
measurements in the licensed and unlicensed areas of the facility:

MEASUREMENTS IN THE FACILITY
Number of Measurements
Type of Measurement

Licensed

Unlicensed

Surface Contamination
Direct beta-gamma
Direct alpha
Loose beta-gamma
Loose alpha

7992
7991
1962
1959

2174
2173
2172
2172

Ambient Gamma
Aluminum Oxide TLD
Dose Rate Meter

108
216

72
144

9

21

Airborne Rn/Th Daughters
Radon Canister

The submission to the AECB for de-licensing was based on a building release at an average
ambient dose rate level of 13 pR/h which was found challenging considering the contribution
M-ttHP

of natural components such as insulation material or the various forms of clay bricks used for
the construction of the building. Ambient gamma dose rate measurements were performed by
exposing approximately 200 A12O3 thermoluminescent dosimeters placed throughout the
building.
The final release survey criteria for residual contamination levels were adopted from the
unconditional exemption levels recommended by the IAEA which identifies limits for five
groups of radionuclides in three different circumstance categories. The specific criteria
selected were for the two most restrictive radionuclide groups and in the mid-range use
category.
The criteria are arbitrarily specified in 137Cs equivalent Bq/cm2 for beta-gamma emitters and
241
Am equivalent Bq/cm2 for alpha emitters, two of the isotopes listed in the most restrictive
groups. In the case of ambient gamma radiation levels, it was decided to opt for conditional
exemption levels based on an assumed occupational use of the premises of 2000 hours/annum.
In the case of naturally occurring airborne Rn/Th daughters, the criteria selected was the
United States Environmental Protection Agency corrective action guideline of approximately
150 Bq/m3.
The specific values adopted in each category are presented in the following Table

FINAL RELEASE SURVEY CRITERIA FOR UNIDENTIFIED NUCLIDES

CATEGORY

LIMIT

Ambient Gamma Dose-Rate

!3uR/h

Total Beta-Gamma Surface Activity

1.0 Bq/cm2

Loose Beta-Gamma Surface Activity

0.2 Bq/cm2

Total Alpha Surface Activity

0.2 Bq/cm2

Loose Alpha Surface Activity

0.01 Bq/cm2

Airborne Rn/Th Daughter
Concentration

150 Bq/m3

Organization
A staff of 30 was employed by the decommissioning project when it reached its peak during the
summer of 1992. This number included about 5 summer students who, although useful, imposed
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a very large burden on the radio protection group at a time when their services were urgently
required elsewhere. The work force reached an optimally performing minimum of 15 at the end
of decommissioning operations. It was divided in 3 groups: decommissioning, radioprotection
and health physics. Radioprotection ended the Project with 5 staff members, decommissioning
with 4, and health physics with 2 (a fully qualified senior man and a professional trainee). The
rest of the staff was reserved for licensing, quality assurance/control, security and administrative
duties.
Equipment
The main out of the ordinary equipment which the project purchased in order to facilitate its
work was a state of the art drum monitoring instrument. In November of 1992, as mentioned
earlier, radwaste characterization had identified itself as an imposing task both in terms of effort
and of time consumption. It was thus decided to procure a Canberra Q2 low level waste assaying
system with 3 Ge detectors and a PC-based computer to rapidly and accurately characterize the
inventory of 575 drums in terms of gamma activity (pure beta emitters were identified by
separate chemical analyses). The equipment, with its sensitivity allowing the detection of about
10 nCi per drum, performed satisfactorily and allowed the segregation of the equivalent of
187 drums of de-minimis waste below regulatory concern for disposal at a local landfill site. The
device thus began to pay for itself through reduced radwaste disposal costs and at the end of the
project, after a few months of good service, was temporarily moved to the Gentilly-1 for a
similar application. The procurement of a dedicated trailer to facilitate redeployment of this
equipment from site to site across Canada is presently being investigated.
Lessons Learned
As with any project some experience was gained during the decommissioning of AECL's
Tunney's Pasture facility which should be beneficial to future endeavours of the same kind. A
few observation based on this experience follow.
Radwaste disposal being such a controlling parameter of decommissioning it is recommended that
waste disposal protocols be established between future waste generators and their waste
custodian(s) as early as possible in the planning phase of any decommissioning project Protocols
of this kind have a direct effect on virtually all aspects of waste management such as
characterization, packaging, segregation, etc. Such protocols are also necessary in order to keep
control of costs within an established budget
Optimum performance in the field was reached when staff level was lower and a proper balance
was reached between radioprotection personnel and dismantling crews.
Training in
radioprotection knowledge and skills increased the self esteem of workers and in turn increased
their productivity. It also provided the best of foundations for assuring the quality of work
performed during the decommissioning project.
The personnel working at Tunney's Pasture was not syndicated. This allowed flexibility in the
use of various tradesmen and was beneficial both in terms of work flexibility and productivity.
The field staff performed satisfactorily in this environment which is considered particularly well
suited for decommissioning operations.
W-OMIP

Conclusion

The decommissioning of AECL's radioisotope processing facility at Tunney's Pasture to a state
allowing an unrestricted site release defines the first enterprise of the kind and of this magnitude
of scope in Canada.
The successful completion of the project in an urban environment particularly subject to external
scrutiny should provide Canadians with the confidence that other nuclear decommissioning
undertakings can and will be similarly conducted and concluded anywhere in the country.
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1.

ABSTRACT

The radiation exposure of the public in the vicinity of the
selected coal fired power plants near from Belgrade has been
studied. The contents of uranium, thorium and potassium in the used
coals according to experimental data have been used to calculate
the released rates of natural radionuclides from the power
plants. A generalised model for analysis of radiological impact of
an energy source, that includes the two-dimensional version of the
cloud model, has been used for simulation of the transport of
radionuclides. The inhalation dose rates for an adult are assessed
during various meteorological conditions.

2.

INTRODUCTION

This paper presents some possibilities in Institute of Nuclear
Sciences "VinCa" and Federal Hydrometeorological
Institute,
Belgrade, for investigations of the environmental impact of
radioactive pollutants released from various power plants and other
energy sources.
The healt impact of different energy sources (especially
important for the coal fired power plants in vicinity of big urban

areas) represents a very important aspect of safety assessment and
requires synthesis of research results from many different
disciplines. Various air pollutants (chemical and radioactive
effluents, dust, etc.) are dispersed from a power source and
transported through various pathways that could make possible the
exposure of humans.
Directly or indirectly (food chains, climate effects, changes
of flora and fauna) these impacts of the power plants are reflected
as exposure of humans and produce adverse health effects. The
effects have a complicated and insufficiently
investigated
dependence from large number of parameters. The multidisciplinar
analysis of physical, chemical and biological processes and their
mathematical modelling are necessary for reliable estimations. For
many safety analysis a relatively high degree of uncertainty is
good enough for assessment of ecological impact.
The radiation exposure of the public in vicinity of the
selected coal fired power plants near from Belgrade has been
studied. The contents of uranium, thorium and potassium in the used
coals according to experimental data have been used to calculate
the released rates of natural radionuclides from the power
plants 1>2 . A generalised model for analysis of radiological impact
of an energy source :'4 , that includes the two-dimensional version
of the cloud model simulates the transport of radionuclides
released to the atmosphere 5. The inhalation dose rates for an
adult are assessed for some meteorological conditions.

3.

SOME POSSIBILITIES FOR NUMERICAL INVESTIGATIONS

Some numerical models for weather forecast can be used for
near to real simulations of propagation of radionuclides or
classical chemical pollutants to the atmosphere. The various
meteorological parameters are taken into account and various
meteorological conditions, even complex ones can be analysed. The
models can be also used for very good assessment of the airborne
pollution from energy sources and industial installations, for
comparative studies and for safety analysis.
For the numerical investigations presented here the transport
of natural radionuclides to the atmosphere has been simulated using
a two-dimensional version of the cloud model with 10 prognostic
equations 5: two momentum equations; a termodynamics equation; a
pressure equation; four continuity equations for water substance
(mixing ratios of the vapor, cloud water and cloud ice are treated
by one continuity equation ); a concentration of radionuclide
equation; and a turbulent kinetic energy equation. Thus, the
prognostic variables are mixing ratios of water vapor, cloud water,
cloud ice, rain, snow and hail, concentration of radionuclides,
along with momentum, potential temperature, pressure and the
momentum eddy mixing coefficient. The time variation of pollutant

concentration is described by mass-balance equation, incorporated
into the model and treated simultaneosly with other meteorological
parameters.
The subgrid scale fluxes parametrizations are based on the
solution of the turbulent kinetic energy equation, with firstorder closure applied to the nearly conservative variables. Heat
eddy coefficient is assumed to be proportional to the momentum eddy
coefficient.
The bulk water parametrizations are used for simulation of
microphysical processes. Six classes of water substance are
considered: water vapor, cloud water, cloud ice, rain, snow and
hail. Cloud water and cloud ice are assumed to be monodisperse,
with zero terminal velocities. Rain, hail and snow have the
Marshall-Palmer type size distributions with fixed intercept
parameters. These six forms of the water substance interact
mutually. Condensation and deposition of water vapor produce
respectivelly cloud water and cloud ice. Conversely, evaporation
and sublimation of cloud water and cloud ice maintain saturation.
Natural cloud ice is normally initiated by using a Flecher type
equation for the ice nuclei number concentration. In this version
of the model, cloud ice may be also produced by the Halett-Mossop
ice multiplication.
Bergeron-Findeisen process transforms some of the cloud water
into the cloud ice and to a certain extend both of them into the
snow. Rain is produced by the autoconversion of cloud water,
melting of the snow and hail and shedding during the wet growth of
hail. Hail is produced by the autoconversion of snow, interaction
of cloud ice and snow with rain and by immersion freezing of rain.
Snow may be produced by the autoconversion and Bergeron-Findeisen
growth of cloud ice and rain. All of the precipitation elements
grow by different forms of accretion. Evaporation ( sublimation )
of all types of hydrometeors is also simulated.
The Lagrangian approach has been used to treat advection and
diffusion explicitly. The releases from the stack of a power plant
is approximated by a series of individual spherical puffs with the
10 m radius. Puff trajectories are calculated from the wind speed
bilinearly interpolated from the four nearest grid points.
Turbulent spread of the pollutant in the individual puff is
described by the increase of its radius, which is a function of the
coefficient of turbulent diffusion.

4.

NUMERICAL SIMULATIONS AND RESULTS

The experimental data of the contents of uranium, thorium and
potassium for the coals burning in selected power plants 30-50 km
from Belgrade1'2 have been used to calculate the release rates of
natural radionuclides (40K and radionuclides from 236U, 23SU and 232Th

decay chains). The release rates are relatively high, while the
lignites in Serbia contain relatively large quantities of uranium,
thorium and potassium. The normalised power of the power plants is
taken to be 1000 MWe.
For calculations the domain of 34 km in horizontal and 12 km
in vertical direction with the grid step of 500 m in horizontal and
250 m in vertical direction is used (1 km in horizontal and 200 m
in vertical direction for some calculations). The large time step
is 10 s and the small one 2 s. The fly ash emission is taken to be
1%, the height of the stack is 200 m and the temperatue in the
stack output is 200°C.
A set of realistic meteorological conditions (wind, radiosonde
sounding temperature, pressure, and humidity data) has been used.
Case 1. and Case 2. treat two long-term releases with boundary
values of wind velocity and mean values of real meteorological
parameters (Case 1 - windy, Case 2 - very slow wind). The cloud and
pollutants progression in the near-suface layer (planetary boundary
layer) has been simulated. The concentrations of the radionuclides
for their maximum concentration points downwind on the ground has
been assessed (distances 9.5 km for Case 1.; 1.0 km for Case 2.).
The effective dose rates from inhalation for an adult have been
calculated.

COAL
CONSUMPTION
[10' kg/a]

POWER PLANT
Kolubara
Kolubara
N. Tesla
N. Tesla

A
B
A
B

~

9.50
5.40
7.14
9.97

ASH
CONTENT

[XI
18
15
12
12

CONTENTS IN COAL
[Bq/kg]
U
Th
160.9
80.8
140.8
140.8

36.0
34.9
50.2
50.2

29.3
29.9
38.1
38.1

Table 1. Coal consumptions, ash contents and contents of uranium,
thorium and potassium in coals for selected coal fired power
plants near from Belgrade (normalized powers at 1000 MWe)

Coal consumptions, ash contents and contents of uranium,
thorium and potassium in coals for selected coal fired power
plants near from Belgrade are given in Table 1. The powers are
normalized to be 1000 MWe. The calculated dose rates from
inhalation for an adult at the maximum concentration points
downwind on the ground for Cases 1, 2 are given in Table 2.

DOSE RATES [10"' Sv/h]
POWER PLANT
Kolubara A
Kolubara B
Nikola Tesla A
Nikola Tesla B

CASE 1.

CASE 2.

2.220
1.498
1.415
1.897

4.874
3.316
3.009
4.198

Table 2. The calculated effective dose rates from inhalation for an
adult in the surroundings of the selected coal fired power
plants (at the maximum pollution points)

The realistic meteorological conditions have been used for the
numerical simulation of a fast changeable convective storm. The
progression of the cloud has been simulated during 120 min. The
cloud generation started after 60 min. The contures of the cloud
and the spatial distribution of the radionuclides, rain, cloud
hail, snow and wind velocity and directions are presented in
Figures 1. to 5. at 60, 80, 95, 105, and 115 min respectively.
The dose equivalent rate from inhalation for an adult in the
vicinity of the coal fired power plant is very depended from the
washout by rain. The spatial distributions of the inhalation dose
rate before the cloud generation (at 40 and 60 min) and during the
storm with hail and rain (at 115 and 120 min) are presented in
Figures 6. and 7.

5.

CONCLUSIONS

The inhalation dose rates in surroundings of some selected
coal fired power plants near from Belgrade have been assessed. The
calculated dose rates vary in a range from 1.498 to 4.874 10"9 Sv/h
depending on the various contents of the natural radionuclides in
the coals and given meteorological conditions. The dose rates are
relatively high while the coals burning in the power plant have a
relatively high contents of natural radionuclides.
These numerical investigations show that the used model can be
used for the transport simulation of pollutants, the assessment of
the impact of energy sources on urban zones, in safety assessments
and comparative studies. The given results from some analysis show
that the problem of impact on atmosphere from coal-fired power
plants have to be treated much seriously than till now. The problem
must be analysed methodologicaly with accent on multidisciplinar
approach, without which one can give only coarse estimations. It is
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Figure 6. Dose rate from inhalation for an adult in horizontal direction
before the cloud generation (at 40 and 60 min)
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Figure 7. Dose rate from inhalation for an adult in horizontal direction
during the storm (at 115 and 120 min)

necessary to introduce adequate measuremets of effluents, simple
and complex ones. These data will then give the basys for modelling
of ecological impacts and giving the specific solutions for
ecological protection.
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ABSTRACT

For the last few years, initiatives have been underway to obtain assurance of CANDU
stations operating staff competence by evaluating the training programs in place at each
station in addition to the well established approach of direct examination of Shift Supervisor
and Control Room Operator candidates. The implementation of these initiatives has
benefitted from a process of organized consultation with senior representatives of the three
nuclear utilities. AECB staff meet regularly with these people as members of a group named
the Standing Inter-Utility/Regulatory Working Group which was itself formed through a
regulatory initiative in 1990.
The examinations conducted by the AECB have also undergone significant changes to
improve their effectiveness, taking into account the shortcomings of the past written
examination approach to assessment, the introduction of the training program evaluation
activities and the developments in the utilities training programs in the last decade. The
main change so far has been the introduction of regular simulator-based examinations in
1993. However, the number and overall duration of regulatory examinations have been
reduced. Further changes are planned for the near future, particularly in relation to the
examination of Shift Supervisor candidates.
This paper provides detailed information on the regulatory initiatives that have been taken so
far and those which are still planned. Particular attention will be given to the process of
examination using full-scope simulators and the experience which has been acquired since its
introduction.

1.

INTRODUCTION

Until a few years ago, the approach used by the AECB to obtain assurance that CANDU
stations staff were competent was basically the same as it was defined about thirty years ago
(see reference 1 for more details). It consisted in acquiring evidence that some members of
the operating staff (i.e. Shift Supervisors and Control Room Operators) were initially
qualified to perform their job by means of a number of written examinations and that other
candidates for key station management positions possessed the required attributes and
experience.
This paper addresses the approach followed for the examination of Shift Supervisor (SS) and
Control Room Operator (CRO) candidates only. Since its inception, the approach was
modified somewhat over the years in an attempt to eliminate some of the difficulties
encountered in its application. For example, about ten years ago, the separate general and
specific written examinations in Radiation Protection were combined into one. Another
important change was the introduction, also about ten years ago, of marking guide meetings
between the AECB staff and utility representatives in the case of the specific written
examinations. Despite these changes, by 1990, it was obvious that some of the difficulties
presented by the approach were still significant and could not be eliminated without some
important adjustments.
One recurring comment from the utilities over the years was that the AECB knowledge
expectations for SS and CRO candidates, when translated into the scope and depth of the
regulatory questions and answers, went beyond what was actually required to do the job.
This had the unintended effect of having the regulatory examinations driving, at least to some
extent, the training program content.
The marking guide meetings also presented some difficulties. Although they served to make
the examination process more objective and the AECB expectations better known and
understood, they were never successful in resolving the differences between the expectations
of the AECB and those of the utilities. In fact, the introduction of these marking guide
meetings created some problems of their own. They increased significantly the number of
persons needed to implement the process, both for the AECB and the utilities, and also the
time required before the results of an examination could be finalized. This translated into
delays of up to five months before candidates could be notified of their standings.
Another difficulty arose from the numerous types of written examination in use resulting
from the artificial separation of topics between the nuclear, conventional and radiation
protection subject areas and between the general and specific domains. Not only did this
create difficulties to the AECB examiners when preparing the examinations but it forced a
certain sequence of training by the utilities which was not always conducive to effective
training.

Since the Three Mile Island accident, major efforts have been made to improve the training
of nuclear power plant personnel everywhere. For example, in Canada, plant-specific fullscope simulators were acquired for all stations and the principles of a Systematic Approach
to Training were adopted to varying degrees by all utilities. Further, the importance of
continuing training, requalification testing, team training and the competence of workers
other than SSs and CROs to the safe operation of the stations gained greater recognition.
Some of these developments increased the need for changes in the regulatory approach while
some others offered the opportunity for change. The attached table summarizes the changes
to the AECB regulatory examinations that have been made so far as well as those planned for
the near future.

2.

CHANGES MADE

Taking into account the developments mentioned above and the recommendations of various
nuclear industry reviews such as the one conducted by the Hare commission, the AECB, in
1990, as part of an overall increase in regulatory staff, almost doubled the personnel
resources of the Operator Certification Division. The reorganization that accompanied this
increase in staff allowed OCD to start an initiatives program which included important
adjustments in the approach used for the direct assessment of the competence of SS and CRO
candidates. The first initiative in the direct regulatory examinations took advantage among
other things, of the opportunity afforded by the availability of full-scope simulators at all
stations through the introduction of routine simulator-based testing. Subsequent changes
made since or planned are intended to address the difficulties of the original AECB approach
to authorization of SSs and CROs and the developments that occurred in the last decade.
All the initiatives of the AECB in this field are taken in close consultation with the utilities.
The Standing Inter-Utility/Regulatory Working Group (SIU/R WG), which was formed in
1990, is the main vehicle for these consultations. Working subgroups of the SIU/R WG
have also been formed to address specific issues. These are:
- Simulator-based examination methodology. So far, this group has made possible the
development by the AECB of a detailed procedure for the simulator-based
examination of CRO candidates. Additional work is being done to define a similar
methodology for the SS candidates.
- Station Systems Knowledge objectives. This group has the mandate to define the
knowledge requirements for CRO and SS candidates which, once endorsed by the
AECB, will be used to define the content of the regulatory examinations.
- General Training requirements. This group is reviewing the science fundamentals,
equipment and system principles knowledge requirements for CRO and SS candidates.
This work will be directed at improving the effectiveness of the training programs in
this field and should lead to future changes to the corresponding regulatory
examinations.

The changes made so far to the regulatory examinations touch both the general and the
specific examinations. The last separate conventional general and nuclear general
examinations were held in 1993. The combined general examination introduced this year
will focus on topics that are more closely related to operational safety. The list of these
topics was defined in consultation with the utilities. The topics that are no longer covered by
the direct regulatory examinations will still be part of the regular training program however,
and the candidates' knowledge of these topics will be assessed formally by the utilities
themselves. The AECB will audit the activities of the utilities in this area.
The last separate conventional specific and nuclear specific written examinations held as part
of the regular schedule were in 1992. They have been replaced by a new combined
conventional and nuclear station-specific written examination and by a simulator-based
examination. The content of the new station-specific examination has been revised to
eliminate all questions dealing with the operators actions and checks required in response to
major upsets since these are now covered by the simulator-based examinations. In addition,
the marking guide meetings for specific written examinations have been discontinued.
However, a technical review of all written examinations by utility representatives was
introduced in 1992. The reviews take place approximately one week before the date of the
examinations. Their purpose is to ensure that the questions are clear and do not contain
technical or other ambiguities. During these reviews, the utility representative is given full
access to the AECB marking guide and has the opportunity to comment on its content. It is
considered that these reviews, which are less resource demanding, replace adequately the
more formal marking guide meetings that were held previously.
The routine simulator-based examinations introduced formally in 1993 address the
performance of a candidate when responding to plant upsets. The candidate's performance is
assessed against the station specific expectations. The test is conducted in a way to reflect the
control room environment as much as possible but some deviations are necessary to ensure
that the process is objective and to make sure that the candidate is the one who responds to
the upset rather than somebody else in the support team. Further details about the method
used may be found in reference 2. An outline of the experience gained so far is presented in
the last part of this paper.
Finally, the AECB has indicated that it does not intend to introduce direct regulatory
requalification testing but that the utilities must put in place an objective process to verify
continuing competence of authorized persons. The AECB will evaluate the implementation
of the continuing training and requalification testing. Thus far, the AECB has observed
requalification testing at two stations.

3.

CHANGES PLANNED

The next planned change in the AECB regulatory practices will be the elimination of the
separate written examination in radiation protection. The utilities training programs are
being reviewed to confirm that they prepare adequately the staff to fulfil their role in this
field. When such assurance is obtained, the present separate examination will be

discontinued. However, some topics covered in the radiation protection examinations will
continue to be examined directly as part of a comprehensive station specific written
examination. These topics are:
-

Radiation Emergency procedures,
Control of emissions during normal operations and in cases of incidents,
Station systems classified as radiation protection systems,
In-station response to incidents which could lead to radiological emissions.

The AECB will continue to evaluate the conduct of radiation protection training once direct
regulatory examination is discontinued.
Subsequent changes to the regulatory examination process will include the elimination of the
separate general examinations, and modification of the content of the written specific
examination to capture some of the topics from the past general examinations that are
considered particularly relevant to the safe operation of a station and to accord with the
agreed upon station systems knowledge objectives referred to earlier. The single remaining
comprehensive written examination for SS and CRO will comprise mainly topics which used
to be part of the separate nuclear specific and conventional specific examinations but will
also include topics previously covered in the radiation protection and the general
examinations. It is expected that these changes will be in place during 1996. The exact date
will depend on the progress that is made by the various working subgroups and the success
that the utilities will have in implementing the necessary changes to their training programs.
Another planned change to the regulatory practices is the introduction of an additional written
examination for SS candidates. In past written examinations, the particularities of the SS
training requirements were covered by a limited number of questions addressing issues
falling within the responsibilities of the SS only. The comprehensive written examination
referred to in the previous paragraph will be a requirement for all CRO and SS candidates.
The SS candidates will write an additional examination focusing exclusively on SS job
requirements such as:
- Greater in-depth knowledge of science fundamentals particularly reactor physics
with emphasis on the phenomena that may affect core reactivity;
- Greater in-depth knowledge of equipment, techniques and procedures for reactor
fuelling, fuel handling and storage, fuelling limitations;
- Detailed knowledge of the station's Operating Licence, together with other
documents referred to therein such as Operating Policies and Principles including the
potential consequences of operation outside their stated limitations.

A more comprehensive list of the topics that could be covered in a future specific written
examination especially designed for SSs can be found in reference 3. After this examination
is introduced, to obtain authorization as an SS, well-experienced CROs meeting certain

criteria, possessing the required personal attributes and being recommended as exceptional by
their employer will need only to complete successfully the additional SS training and pass
this complementary examination.
An important administrative change planned to the regulatory process deals with the
possibility for the candidates to appeal the AECB examination results. For many years, an
informal process has been in place whereby a copy of each candidate's paper is retained by
the utilities for the purpose of parallel marking. Before the results of the regulatory
examinations are formalized, under confidential arrangements, utility representatives are
given the opportunity to present the results of their marking. Information is obtained by the
representatives regarding the preliminary results of the AECB and representations are made
on behalf of the candidates who are marginal according to AECB marking. Even though it is
clear that an appeal must be possible and that the approach just described has the potential
for preventing errors in assessment on the part of the AECB examiners, its disadvantage is
that it attempts to prevent a failing grade for those candidates who are considered marginal
by the AECB on the regulatory examinations. Put in another way, the approach has a
detrimental effect on the independence that the AECB examiners should possess when
assessing candidates. To deal with this, a documented, more objective process to appeal
AECB staff decisions resulting from regulatory examinations is being prepared. It is
intended that when this appeal process is in place, the approach described above of making
copies of the candidates' papers, parallel marking, and so on will be discontinued.

4.

SIMULATOR-BASED EXAMINATIONS EXPERIENCE

OCD's experience with simulator-based examinations is still relatively new but enough tests
have been conducted to observe advantages of this type of examination and at the same time
to identify some areas of concern. In 1993, the first year when the simulator-based
examinations became part of the formal regulatory process, twenty-five candidates were
tested at five stations. It must be noted that the AECB had already gained some experience
with the basic approach through the conduct of fourteen special simulator-based examinations
between 1990 and 1992, most of them at the Gentilly-2 station. As reported in Reference 4,
these early experiences with simulator-based examinations brought about important
operational safety benefits such as clarification of the minimum shift team complement
requirements and of the response strategy to follow in case of upsets which, in turn led to
numerous revisions of the operating documentation (mainly the operating manuals) resulting
in their improved quality and effectiveness.
Even though it is recognized by all concerned that the first routine simulator-based regulatory
examinations were clearly an overall success and beneficial to the general goal of ensuring
competence of the candidates, it has, as expected, presented some difficulties. It must be
pointed out that special measures are being taken during the first two years of this new type
of testing to ensure that the process itself is not in some way detrimental to the candidates.
For example, in all cases of apparent failure, the utility is given an opportunity to review the
evidence and, if considered justified, to appeal the preliminary AECB assessment.

One particular difficulty encountered, which was anticipated, was the testing of multi-unit
station SS candidates. This difficulty is due in part to the large number of authorized staff
normally present in the control room of a multi-unit stations. In order to challenge the SS
candidates abilities, this requires scripting special conditions to prevent other team members
from dealing with the upset as it would be expected in reality. Another factor, which is no
less important, is the lack of clear and comprehensive station performance expectations for
multi-unit station SSs. The test procedure used for these candidates in the fall of 1993 was
an interim one based in large part on the method for the CROs. As already mentioned, work
is being done in consultation with the utilities to define a comprehensive method for the
assessment of the performance of multi-unit station SS candidates using the full-scope
simulators. This work also addresses the need for better definition of performance
expectations of these supervisors on the part of the utilities.
The human resources required for simulator-based examinations is also of concern. The
resources are mainly needed for the development of the test scenarios and of the Examiner's
guides. As an example, in the case of one station with only CRO candidates, twenty personweeks, shared equally between the AECB and the utility, are needed during the development
phase. For a multi-unit station, presenting CRO and SS candidates, this number increases to
twenty eight person-weeks. Furthermore, the human resource requirement during the
conduct phase of the examination is particularly demanding on the utilities since they have to
provide the staff for the role players. In consultation with the utilities, measures have
already been identified that would allow to reduce these resource requirements. For
example, in the case of test scenarios development, personnel resource requirements could be
reduced to below half the current requirements.
Ensuring the consistency of the simulator-based examinations between stations and over time
presents more of a challenge than for written examinations. The OCD-ST6 procedure
provides enough guidance to ensure adequate consistency but nevertheless, some difficulties
were encountered in its initial implementation. All inconsistencies were addressed to ensure
that they did not have a detrimental impact on the candidates and measures are being taken to
minimize if not eliminate them in the future. For example, a user guide is being prepared
for OCD-ST6 and additional training for AECB examiners will be conducted.
Maintaining as much as possible the objectivity of the simulator-based examination process
also offers an interesting challenge. The front part of the process has already been made
adequately objective. For example, the collection of data such as audio and video recordings
and the Trainee Action Monitor printouts renders very objective the observations of the
candidates' performance. The challenge lies with the need for translating a set of objective
observations into an objective result. The method used so far permits the derivation of a
score in an objective way but these scores have not been sufficiently validated to allow an
automatic conclusion on the result. Errors classified as "critical" or "significant" have also
been defined to assist in making the assessment as objective as possible. As things stand
now, the subjective judgment of the Examiners is very important in the determination of the
final results. While it is generally recognized that when undertaking human performance
evaluations it is not possible to devise a completely objective assessment method, it is
believed that after the two year introductory period, enough data will have been collected to

rely rather more on the assessment scores. An independent validation study of this aspect
and of the entire test procedure for the CRO is presently being coordinated by the AECB
Human Factors specialists.
Even though difficulties have been encountered, simulator-based examinations have
advantages that make them clearly an improvement. First, it must be remembered that their
introduction has permitted the AECB to eliminate from the written specific examinations the
questions that asked candidates for the actions and checks they should perform in response to
various plant upsets. These questions made up a significant part of the examinations and,
even though it was not intended, led to considerable effort and time being spent during
training memorizing procedures. The simulator-based examinations offer the possibility of
assessing directly the candidates abilities to translate knowledge and skills into realistic
performance and, more importantly, they allow the time previously spent in training
memorizing procedures to be channelled into improving performance.
As already mentioned, based on the early experience, the simulator-based examinations were
found to generate important positive side effects. While it would be unfair to claim that
these positive effects are due exclusively to the introduction of simulator-based examinations
it is clear that they contributed significantly. Clarifications of various issues such as shift
complement and improvements to the operating documentation have resulted at all stations
just as the early experience had shown at the first. Such clarifications have been obtained on
numerous other aspects related to station operation but the very important advantage that all
these improvements manifest is the increased involvement of station line management. It is
clear that staff training can only benefit from the more active participation of management
which inter alia leads to better guidance and clearer expectations for the training activities.
The regulatory simulator-based examinations foster and facilitate this participation because
the regulators insist that the candidates be tested against station expectations.
The simulator-based examination process requires and has resulted in more frequent
communications between utility staff and AECB examiners. These communications have
been beneficial to both the utilities and the AECB through the introduction of improvements
in training, and in making adjustments to the regulatory examinations that enhanced their
effectiveness and fairness. For example, additional simulator malfunctions have been
suggested by AECB Examiners which, after having been verified for examination purposes,
can now be used for training purposes. On the other hand, utility staff have provided
information which facilitated test scenario design and development and which contributed to
the fairness of the examination by ensuring that station expectations were well-reflected in
the examiner's guides.

5.

SUMMARY

The difficulties that have been associated with regulatory examinations, for both the utilities
and the regulators, are being resolved by changes on several fronts. These changes take into
account developments in the training field over the last decade, particularly the availability of
full-scope simulators at all stations, the possibility of complementing direct regulatory

examinations with training program evaluation and the importance of continuing training and
requalification testing. All the changes are being introduced after close consultation with the
utilities mainly through discussion in the SIU/R WG and its working subgroups.
When the changes are complete, the direct regulatory examinations which.in 1992, comprised
five written tests lasting a total of seventeen hours, will be reduced in a few years to two
tests for CRO candidates lasting about half the time. SS candidates will have to pass one
additional written examination addressing their specific knowledge requirements and duties.
The utilities will be expected to hold formal written examinations of their own as well as
make changes to their training programs which will be evaluated by the AECB.
The main change to regulatory examinations is the introduction of routine simulator-based
testing which occurred in 1993. These examinations have enhanced regulatory assurance of
SS and CRO competence by checking the performance capabilities of the candidates; the test
procedure is tuned to the utilities' training programs; they have resulted in spin-off
operational safety benefits; and, not the least, were conducted in a fair and even-handed
manner. An introductory period of two years which is in place calls for additional checks to
be made on the process to ensure its effectiveness and fairness. The main difficulty has been
with the testing of multi-unit station SSs and efforts are under way to resolve this issue.
The introduction of regulatory simulator-based testing of SS and CRO candidates has been a
considerable success. This has been due quite simply, to the high degree of consultation and
cooperation that has taken place between the AECB and the utilities. As it pursues its
initiatives towards a progressive, new regulatory regime for operational personnel training
and qualification, the AECB will continue the practice of close consultation with the utilities
and will count heavily on their co-operation.
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OVERVIEW - CHANGES TO THE REGULATORY EXAMINATIONS
Type of examination (duration in hours)
1992

NOW

Radiation Protection (3)

Radiation Protection (3)

Written comprehensive (5)*

Conventional General (3)

General (3)

Simulator (2)*

Nuclear General (3)

Station Specific (4)

Written Shift Supervisor
(2)*

Conventional Specific (4)

Simulator (2)

Nuclear Specific (4)
Total:

17 hours

12 hours

7 hours* for the CRO
9 hours* for the SS

•Precise duration to be determined
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ABSTRACT
Task Analysis is a fundamental strategy that aids the achievement of higher safety, productivity and
availability targets. This analysis tool has been introduced in AECL Research to perform a number
of functions, which include forming part of the Training Needs Analysis process. This paper
discusses the application of task analysis in the Fuel Fabrication Branch as the principal step in the
Training Needs Analysis process.
The process of task analysis used within the Fuel Fabrication setting is described within this paper,
and includes Hierarchical Task Analysis, Tabular (or Detailed) Task Analysis and Human Error
Analysis. Some of the advantages and disadvantages of this task analysis and the Institute of
Nuclear Power Operation's (TNPO) method are described, both generally and specific to Fuel
Fabrication operations. Examples of some of the recommendations that resulted from the task
analysis are given.

1.

INTRODUCTION

Task Analysis is a fundamental strategy that aids the achievement of higher safety, productivity and
availability targets. This analysis tool has been introduced in AECL Research to perform a number
of functions, which include forming part of the Training Needs Analysis process. This paper
discusses the application of task analysis in the Fuel Fabrication Branch (FFB) as the principal step
in the Training Needs Analysis process.
The Fuel Fabrication Branch is located at AECL Research's Chalk River Laboratories (CRL) site.
It exists to fabricate highly enriched uranium (HEU) and low-enriched uranium (LEU) fissile
material for use within the site and by external customers. The fuel fabrication process originally
concentrated solely on HEU production. However, some years ago, an international nonproliferation initiative was proposed to reduce trading in HEU. This required the development of a
production process at CRL that would allow the manufacture of LEU. As a result of the
anticipated growth in demand for LEU-based fuels, the Nuclear Fuel Fabrication Facility was built
With this new facility there was an increase in the number of Nuclear Operators required to staff
the facility, and an associated need for a formal training program. This paper discusses one
element of that training program: the identification of training needs.
Task analysis comprises a number of specific techniques to collect, organize and utilize information
to make assessments or design decisions. One of the main benefits of task analysis is that it makes
the human element explicit This leads to more efficient and effective integration of human needs
and limitations into system design, operation and maintenance. Human factors considerations are
not always included in system designs, as demonstrated by the occurrence of accidents. Without a
systematic, auditable and traceable method for incorporating the human element, it is unlikely that
optimum human performance will be achieved.
It has been stated that task analysis is more of an art than a science, with reference to the common
practice of analysts combining and tailoring techniques to suit the purposes of the evaluation. The
combination and tailoring of task analysis techniques for the Fuel Fabrication setting allows both
training needs to be identified concurrently with, for example, design or procedural requirements.
The multi-purpose application of task analysis makes this case study of interest not only to those
responsible for the training of nuclear operators, but also to anyone who has an interest in
improving human performance, safety and productivity in an efficient and effective manner.
2.

TASK ANALYSIS AS PART OF TRAINING NEEDS ANALYSIS

The task analysis process for Fuel Fabrication operators was commissioned to analyze tasks for the
purposes of Training Needs Analysis. As Figure 1 shows, the training process commonly
consists of a recurring cycle of Needs Analysis, Design and Development, Conduct and
Evaluation, and Validation. Task Analysis most often appears as part of the Training Needs
Analysis, but can also feed into the validation stage. After a training program has been developed
and conducted, the results of the task analysis can be compared with the training program, to verify
that the appropriate information has been captured. However, for cost-effectiveness and
efficiency, it is best that the task analysis be carried out first and the training program be based on
the resultant information.

Training Design
sod
Development

Training
Conductand
Evaluation

Figure 1: Task Analysis as Part of Training Needs Analysis

3.

TASK ANALYSIS OF FUEL FABRICATION OPERATIONS

There are two main features of a task analysis: infonnation elicitation and infonnation
representation. The manner in which the infonnation is elicited is important, and in this case study
the information was gathered from a number of sources. These include operating procedures,
process control route sheets, etc., and, most importantly, actual observation of operators
performing the tasks. This is useful to identify errors and omissions in the procedures, as well as
unsafe practices carried out within the task. The manner in which the information is represented is
equally important. For example, the format must be consistent, logical and easily understood
This helps operational staff understand and review the analysis, and allows the analysis to be easily
modified to reflect changes to the task, in order to identify any potential impacts on safety or
productivity. Infonnation relevant to all the steps in a task were included on the Task Summary
Sheet produced for each Bisk analyzed, and included such features as:
location of task and associated equipment within the building,
associated documentation and references,
general safety precautions,
equipment and supplies, and
any other relevant information.
The information representation for the task analysis carried out for Fuel Fabrication consisted of
three main parts:
•
•
•

Hierarchical Task Analysis (HTA), (can be used as part of Job Analysis in Figure 1.)
Tabular (or Detailed) Task Analysis (TTA), and,
Human Error Analysis (HEA).

3.1

Hierarchical Task Analysis

For the purposes of Training Needs Analysis, the Hierarchical Task Analysis (HTA) can form the
main part of the Job Analysis. It lists the tasks carried out by a particular job function (in this case
the Nuclear Operator). HTA comprises two main elements:
•

Task Descjjpjlpjig
Actions carried out to meet system goals, and
Statements describing the conditions and sequence of each action in order to achieve the goal.

The HTA takes the overall job of the Nuclear Operator and divides it into a number of tasks that
must be carried out to fulfill the job requirements. These are subdivided into subtasks in increasing
levels of detail, until the task cannot be divided any further or until further division becomes futile.
The level of detail into which the analysis goes depends on the skill of the analyst, the purpose of
the analysis and the resources available. For example, an analysis carried out for the purposes of a
human reliability assessment, where the Task Analysis will focus narrowly on every aspect within
one particular task, will be carried out in much greater detail than an analysis performed at a high
level on a project that is only at the conceptual design stage. In the latter case, detailed infonnation
will either be unavailable or liable to change as the design is refined.
An example of the first page of an HTA is shown in Figure 2; the overall goal is shown along with
three normal tasks the operator must carry out, and an Emergency Operations task. These tasks are
broken down further (as indicated by the off-page connector symbol beneath each box). A plan is
given to indicate when each of these tasks must be carried out A variety of numbering schemes
can be used to achieve traceability between the three main types of Task Analysis used One
common scheme is to number the subtasks under Task 1 as 1.1,1.2,1.3, etc., and the subtasks
under Task 1.1 as 1.1.1,1.1.2,1.1.3, etc. Another option is to use an existing numbering system
(e.g., that of existing operating procedures), allowing consistency with other documentation.

Perform Fuel
Operator Duties

2
Perform Task 1

Perform Task 2

PIBSK Parfotm Tasks 1 to 3 whan
Pettom Task 4 In an
(SeeRef.Xlor
definfiion o* emergency.)

3

<

Perform Task 3

Perform
Emergency
Operations

1

Figure 2: Example of an HTA

To use HTA as the first stage in identifying and analyzing relevant job information has a number of

•

economical way of gathering and organizing information,
allows the analyst to focus on specific areas,
can form the basis of a number of more detailed analyses,
involves Training or Human Factors analysts and personnel from Operation, Design, etc.,
which ensures that system goals and how they will be achieved are mutually understood,
easy to understand, graphical representation,
allows the representation of both task description and the conditions and sequence in which
tasks must be performed, and
provides useful material for training courses and can be inserted into procedures as an
overview of the procedure.

Disadvantages
•
•
•

requires a level of skill,
requires commitment from Operations, Design, etc., for information elicitation and review
purposes, and
can be confusing for reviewers to understand if there are many decision-making steps.

Overall, the advantages outweigh the disadvantages, and HTA is normally preferred to the
alternative of simply listing the tasks.
3.2.

Tabular Tj|g|L_Ajnillgif

Tabular or Detailed Task Analysis (TTA) (Table 1) is a structured way of expanding the
information from a task description into a series of more detailed statements about particular issues
that are of relevance to the needs analysis. In the TTA, task analysis becomes as much an art as a
science. Numerous aspects of a task may be analyzed, and the analyst must identify the
requirements of the specific task analysis to identify which aspects to investigate. For example, a
general task analysis might require that each task element be broken down into the following
categories:
task description,
cues initiating action,
equipment used,
decisions,
typical errors,
response,
criterion of acceptable performance, and
feedback.
A more specific control and instrumentation design-oriented task analysis might require some
additional headings:
name of control,
location of control,
type of control,
grouping with other controls, and
label on control, etc.

An example of a TTA is shown in Table 1. This example refers to one of the steps in fuel
fabrication, namely Liquid Penetrant (LP) testing. In FFB, operators are trained to perform a
number of non-destructive testing techniques as this is more cost-effective than using QA
technicians. Therefore, the operators are trained in generic LP testing and then in-house certified in
the specific technique of LP testing fuel rods. This task analysis forms the basis of that in-house
certification and is necessary to ensure the LP testing task fits into the overall fabrication of fuel
from a human factors perspective.
Table 1: Example of Tabular Task Analysis of Liquid Penetrant Testine

Task

Initiating Information Action
Requirements
Cue

Goal Id
#
2.13.3
Weld areas Liquid penetrant After weld areas
Apply
are dry.
(LP) type and
are dry, apply the
penetrant
dwell time.
LP specified on the
LP technique
sheet.
Allow it to absorb
for a dwell time of
10 min, or as
directed by the LP
technique sheet
Rotate the rod at
least twice during
the dwell time, to
ensure that the LP
has spread all
round the weld

Performance FeedGoals
back

P$Fs

the area is to Visual. Rubber
be completely
gloves.
covered with
LP. Dry for
10 min, or as
directed by the
LP technique
sheet

The Task Analysis focus can change not only according to the focus, but also depending on the
type of task analyzed. For example, the category "Controls Used" may be relevant to a task
analysis of a nuclear reactor or process operation but not to a task analysis of a Nuclear Operator's
duties. The categories chosen for the Fuel Fabrication Task Analysis are shown in Table 1, and
are defined as follows:
•

Task Goal and Identification Number; me performance goal that the operator is required to
achieve for that particular task step and a unique reference number (taken from the HTA).
The reference number represents the task goal, and can be referenced in the training
material so that the origins of the training program can be directly traced. This makes the
analysis both auditable and traceable.
ug: the stimulus or circumstances that prompt
the operator
to perform
that
pp
p
p
sk
step
Initiating
cues
may
take
the
form
of
supervisor
instcti
feed
particular task step. Initiating cues may take the form of supervisor instructions, feedback
from previous actions, system prompts or diagnosis of plant status that demands action.
Information Requirements: the information the operator needs to know in order to decide
upon the precise action to take and whether the action is indeed appropriate and safe. This
is important when designing job aids such as procedures and checklists, which can aid the
operator and provide the required information.

Action: how the operator initiates or carries out the action described in the first column.
These arc the exact details in which the operator should be trained
M ("T
criterion for success for the operator
action,
«X C
CM
( Standards);
) die precise
p
p

b b l
bl limit
l i i (completion
( l t i
ihi a certain
i time
ti fframe,
in terms of an observable
andd measurable
within
achievement of a certain value such as length, volume, flow or pressure, etc.). This can be
used along with the Action category to form the Held Check Out when testing On-the-JobTraining.
Feedback the information required by the operator to d e t e n t e the success or failure of
the goal. Feedback may indicate that an action has been initiated, that the desired response
is in progress and /or that the action has been completed The operator must be trained to
know what feedback is expected and what to do if the feedback is contrary to expectations.
Communications: contact with other people within the same plant area, elsewhere in the
plant and external to the plant that is necessary for the successful completion of the task
step. This should include interactions with groups of people as well as individuals, and
interactions between groups of people. This column is missing from Table 1 as it was not
relevant to this part of the analysis.
*

Performance.Shflplnf Factors, (or Conditions): factors likely to affect performance, which
may be external in nature (such as noise, temperature, lighting levels, inappropriate
equipment design and poor workplace layout,) or internal in nature (such as stress,
memory overload and fatigue).

Defining the exact meaning of each of the categories allows consistency between analysts, ensures
they are aware of which parts of the task step to examine in further detail, and allows reviewers to
understand which elements of a task should have been analyzed
3.3.

Human Error Analysis

The Human Error Analysis (HEA) (Table 2) may be considered to form part of the TTA, because
the format is similar and the potential errors and their consequences are simply further aspects of
the task. However, in this and many other cases the two analyses have been separated for
convenience.

Table 2: Example of Human Error Analysis of Liquid Penetrant Testing

task

Possible

Goal &
Id #
^_^.
Apply
liquid
penetrant
(LP).

Errors

Causes

Apply
Perceived
when weld time
is still
pressure.
damp from
cleaning.

Consequences

Recovery
Points

Error Comments
Class

The weld areas C
evaluation may be are wiped after
affected and a
alcohol is
failed weld may
applied
be accepted
Alcohol would
(unlikely due to
evaporate very
recovery point). quickly.

The results of the
Apply
Lack of
insufficient knowledge evaluation may be
of extent of affected, as the
LP.
LP will not seep
LP
required.
into any cracks.

Welds are
subject to
further testing
after this step.

Only one type
ofLPisused.

B

HEA is a method of assessing, in qualitative terms, the reliability of operators and the
consequences of inappropriate operator actions on the system. It is very flexible and can be used
to consider the failures of either a single operator or of teams. A bottom-up approach is used;
i.e., the analyst starts by identifying potential errors and works up to identifying potential
consequences. A number of columns in Table 2 are used to identify all the relevant aspects of the
error. The column headings are defined as follows:
*

Tas.kJ5oa|.and Identirfeatipn Number this is the same number that appeared in the HTA
and the TLA, so again the analysis is both traceable and auditable.

*

Potential Errors: incorrect actions that can be performed by the operator in place of the
appropriate action. It is generally assumed that what can go wrong will go wrong. In this
way, all possible errors will be accounted for and there should be no surprises. The TTA
should have already highlighted some possible concerns, which can be investigated in
further detail in this part of the analysis.

*

Causes; anything about the limitations and the capabilities of human beings, the design of
the equipment, the environment, etc., which is likely to have led the operator to committing
each of the potential errors. If any PSFs have been identified in the TTA, they should be
reevaluated to determine the impact they might have on the operator's performance, in
terms of potential errors.

*

Consequences: the potential impact of each of the errors upon the workers, the equipment
and the environment This should include the identification of safety and production
issues.

*

RgSQvgiY.: places in the procedure where the operator would be able to recover from his or
her error, and how recovery would be achieved (independent checker, audible alarm, etc.).

it is necessaryy to classifyy the consequences
and opportunity
S
q
p p y for
i
di
h
h
i
f
h
i
i
h length
l h of
recovery, to assist decisions regarding the emphasis of the training program, the
time devoted to certain issues, and the content and emphasis of refresher training. To
ensure that analysts use a consistent approach to die classification of potential
consequences, a guidance table was devised. This prioritizes the consequences by a
number of features, such as direct or indirect safety implications, possibility of recovery,
dependence on other errors, and seriousness of production consequences.
Performing the HEA as part of the overall Training Needs Analysis allows operators to be trained
to be aware of potentially important errors, and how to recover from them. It also identifies
methods of error prevention, such as refresher training, equipment redesign or work control
improvement. An important column that is commonly ignored is "Causes". However, without
knowing wJiy. an operator might commit an error, resources may be allocated inappropriately. For
example, it is a waste of valuable resources to train operators on how to avoid committing a
particular error if the root cause is a simple problem with the equipment design or Work Control
Procedures.
4.

INPO TASK ANALYSIS METHODOLOGY

Task analysis has been commonly used in the human factors community within the UK nuclear
industry [1] for a variety of purposes, such as interface design and assessment However, it has
only recently been applied as part of Training Needs Analysis. In the Canadian nuclear industry,
task analysis has traditionally been based on the Institute of Nuclear Power Operation's (INPO)
method. INPO have produced various documents [2] outlining their task analysis procedures for
training purposes, but those guidelines fail to capture many of the benefits of the types of task
analysis that are used for more general purposes.
INPO's main benefit in the area of task analysis is the industry-wide job and task analysis database
maintained by INPO for their members. As such, the aspects of each task recommended for
analysis are very specific, in order to produce a consistent set of data. Therefore, for tasks that are
not reactor-based, such as nuclear fuel fabrication, many unnecessary elements in the task analysis
are inappropriate. Elements that would aid the facility when looking at broader issues are missing
from the INPO method. For example, as mentioned earlier, by identifying not only potential
errors, but also their likely causes, attempts can be made to decrease the likelihood of operator
error in a manner that makes the most efficient use of resources.
5.

THE USES OF TASK ANALYSES

The results of task analyses can feed into a number of other techniques, such as workload
assessment, human reliability analysis, procedure writing, emergency planning, workstation and
control panel assessment The primary benefit of a comprehensive task analysis, such as the one
carried out for nuclear fuel fabrication, is that the single task analysis provides almost all of the
information necessary for the basis of any of the above 'follow-on' techniques. It therefore is a
cost-effective way in which to address human performance issues, particularly if it is carried out at
an early stage in the design process. For example, some minor design issues were raised
throughout the task analysis, and as a result the relevant tasks will be analyzed in further detail,
with emphasis on the design of the related equipment A specific example is the redesigning of the
interface to one of the controls. During the HEA, it was identified that an operator could
inadvertently activate a push-button that was not interlocked, the result being that a hand injury
could occur.

Hie use of task analysis in the fuel fabrication field has generated a number of results for the
facility, including:
•

providing the information necessary for the design, development and conduct of a training
program, including the Training Performance Objectives and the Field Check Outs,

•

providing validation of the existing training program,

•

providing a systematic assessment of the current operating and emergency procedures,

•

allowing a concurrent human factors evaluation and redesign of control panels,
instrumentation and equipment, and providing recommendations for improvement, and

•

allowing a human factors assessment of current work methods and practices, and providing
recommendations for improvement

6.

CONCLUSIONS

The task analysis carried out for die Nuclear Operator job position was of benefit not only because
it fulfilled the objectives of the primary stage of a comprehensive, traceable and audi table Training
Needs Analysis, but also because it allowed broader Human Factors issues to be examined in a
structured and cost-effective manner. A task analysis requires a considerable amount of time and
effort from the analyst and the operating staff, and it is a considerable waste of those resources if
related issues such as procedure validation, work control, and general safety issues are ignored by
focusing the task analysis solely on one goal Ideally, a general task analysis should be carried out
as early as possible when designing a major facility, for greatest cost-efficiency and to make the
greatest use of its potential impacts [3]. However, it is still of considerable benefit to conduct a
broader analysis if the need is identified for a task analysis at a later stage. A comprehensive task
analysis can aid in integrating human needs and limitations into system design, operation and
maintenance, and in doing so it can improve human performance, safety and productivity in an
efficient and effective manner.
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RÉSUME
Le simulateur pleine échelle de Gentil ly-2 est utilisé depuis janvier 1989 pour:
former le personnel autorisé;
effectuer des examens de la Commission de Contrôle de l'Énergie Atomique
(CCEA);
effectuer le recyclage des équipes de quart;
développer les procédures d'exploitation sur incident (PEI);
recycler les équipes de quart de la centrale d'Embalse (Argentine) et
développer leurs PEI.
vérifier les modifications faites aux ordinateurs de commande de la centrale de
Gentilly-2.
Pendant toutes ces années, le simulateur a été modifié pour:
refléter les changements faits à la centrale;
répondre à de nouveaux besoins de formation (non prévu initialement);
corriger les déficiences des modèles de simulation.
Ce papier présente, en premier, un bref historique des activités de formation donnée au
simulateur de Gentilly-2. L'utilisation du simulateur par les différents intervenants est
ensuite expliquée.
La caractérisation des différentes déficiences du simulateur trouvées depuis 1989 est
ensuite présentée. Cette caractérisation montre les principales causes des déficiences. La
plus importante de ces causes est l'ajout de variables contrôlées par l'instructeur ainsi que la
correction des modèles pour que le simulateur représente bien les systèmes fonctionnant
avec ces variables.
Les modifications importantes faites au simulateur (matériel et logiciels) sont ensuite
décrites.
La modification majeure a été induite par l'intégration de la centrale de Bécancour au poste
de sectionnement de Gentilly-2. Deux (2) panneaux de la salle de commande ont été refaits.
Les modèles des systèmes électriques ont été reprogrammés.
Finalement, nous présentons les défis que nous aurons à affronter dans l'avenir, c'est-à-dire
le vieillissement du matériel, l'assurance-qualité des programmes de simulation et le temps
d'utilisation du simulateur.

EVOLUTION OF SIMULATOR TRAINING AT GENTILLY-2
SINCE ITS COMMISSIONING
by:
Leo Danylo, Hydro-Quebec
Section Simulateur
Centrale nucleaire de Gentilly-2
4900, boul. Becancour

CA9600941

Gentilly, Quebec
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SUMMARY
The full scope simulator at Gentilly-2 has been in use since January 1989 for:
training of authorized staff;
examination of candicates by the Atomic Energy Control Board (AECB);
refresher training of shift crews;
development of procedures of the Abnormal Incidents Manual (Procedures
Sexploitation sur incidents (PEI));
refresher training of shift crews of the Embalse Nuclear Station and
development of their Abnormal Incident Manual procedures;
checking out of modifications carried out on the Gentilly-2 station control
computers.
During those years, the simulator has been modified in order to:
reflect changes carried out on the station;
fulfil additional training requirements (not provided for initially);
correct deficiencies in the simulation models.
This paper will present, in the first instance, a brief history of the training activities carried
out on the Gentilly-2 simulator. The use of the simulator by the various parties will then be
explained.
A classification of the various simulator deficiencies discovered since 1989 will be
presented. This analysis reveals the main causes of deficiencies. The major causes are the
addition of malfunctions by the instructor and the corrections on the models required to
ensure the simulator accurately represents the systems operating with those malfunctions.
Major modifications carried out on the simulator (hardware and software) are then described.
The major modification was made necessary by the integration of the Becancour gas turbine
station to the Gentilly-2 switchyard. Two (2) control room panels were rebuilt. The models
for the electrical systems were reprogrammed.
Finally, challenges that will have to be faced in the future are presented, i.e., aging of
materials, quality assurance of simulation programs and time sharing of the simulator.

1.0

INTRODUCTION
The training of Gentilly-2 operating staff has evolved considerably since the
commissioning of the station.
The operating staff that was authorized for the start-up of Gentilly-2 was trained
through conventional methods, i.e::
classroom lectures;
self-study;
on-the-job training.
Following the start-up of the station, ways of improving training were studied and it
was decided that a full scope simulator was required to meet training needs.
The simulator was to meet training needs as follows:
to improve the quality of training of operating staff;
to increase the reliability of operator response;
to check out operating procedures;
to speed up the training process;
to better satisfy the requirements of the Atomic Energy Control Board
(AECB).
The decision to acquire a simulator was taken in 1984. The modeling of the various
station systems and the construction of the simulator started in 1985. CAE Electronic
is the designer of the simulator, which was delivered in June 1988. It was in Febuary
1989, that the simulator was first used, as part of a nuclear specific training program.
The total cost for the simulator and for modifications to the technical training center
was 35$ millions. This included 13,5$ millions for the simulator construction contract,
3$ millions to Ontario-Hydro for technical management services and 5$ millions for
the training building modifications. Interest and overhead amounted to 11$ millions.
The full scope simulator is now the main training tool for the authorized personnel at
Gentilly-2. It is a tool that has greatly modified the type of training given to that
category of staff.

The first section of this paper presents a brief history of those training programs that
have made use of the simulator. The next section describes the various uses that are
made of the simulator, i.e.:
training of authorized staff;
development of procedures of the Abnormal Incidents Manual
(Procedure d'exploitation sur incidents (PEI));
refresher training of shift crews;
simulator maintenance;
refresh training for personnel of the Embalse Nuclear Station in
Argentina;
development and testing of modifications to the station control
computers.
The third section is a presentation of the various deficiencies found and corrected
since 1989. A classification of the deficiencies according to type and to system
involved, is also shown. This section also includes a description of the major
modifications carried out on the simulator. Finally, future challenges are presented.

2.0

HISTORY
The Gentilly-2 simulator was first used, as part of a training program, in February
1989. At that time, simulator training was integrated into a nuclear specific training
program already in progress. At the beginning of 1990, AECB staff audited the
training by simulator. It was then decided to set up a supplementary training program
based essentialy on the use of the simulator as a training device. The nuclear
specific program ended in December 1990, with an AECB simulator exam. All five (5)
candidates obtained a pass. In January 1991, a conventional specific program began,
which ended in May 1992 with an AECB exam. All six (6) condidates succeded. In
parallel with this program, a combined program for nine (9) candidates began in
November 1991. For this program, use of the simulator started on June 4, 1992. The
AECB simulator exam for this group took place in May 1994. The new policies for
AECB simulator exams were applied on this occasion.
Refresher training for shift crews started in 1991.

30

USE OF THE SIMULATOR
Since its first start-up at Gentilly-2, the simulator has been used for the training of
Control Room Operators and Shift Supervisors, for the refresher training of shift
crews, for its maintenance, by Technical Services staff to perform tests, and by
Argentinian trainees. It has been used on a regular bases, on days, on evenings, and
on weekends. Some users have also worked at night. Table 1 shows the percentage
use for each shift, on an annual basis. The night shift is not included.
The following is a brief description of the main characteristics of the users.
3.1

TRAINING OF AUTHORIZED STAFF
The training programs have been carried out, since 1990, with the assistance
of authorized personnel withdrawn from shift. Operator training is based on the
actual operating practices in force at the station. Choices of scenarios and
malfunctions reflect events covered in operating manuals and real events that
have occurred at Gentilly-2 or elsewhere.
In the first instance, simulator training lessons are delivered to groups of three
(3) candidates. In the integrated part of the training program, the lectures are
given to one trainee at a time. This training takes place essentially on days
The trainees also have access to the simulator for personalized practices and
these take place in the evenings or on weekends. In 1990 and 1992, years in
which there were AECB simulator exams, the trainees used the simulator for
460 hours and 808 hours respectively, on evenings and weekends, mainly for
individual practices.
Most of the simulator lesson plans were developed from 1989 to 1992. Since
then, those documents have been updated to reflect modifications to the
simulator and/or to the station, and also to take into account the new AECB
policies on simulator exams.

3.2

DEVELOPMENT OF ABNORMAL INCIDENTS MANUAL PROCEDURES
A large number of Abnormal Incidents Manual Procedures (Procedures
d'exploitation sur incident (PEI)) were rewritten between 1990 and 1992 with
the aid of the simulator. These procedures were developed at the same time
as the first training programs using the simulator were taking place. The
trainees, the authorized personnel seconded from the shift crews, the
instructors and the technicial staff responsible for the PEI's all contributed to
the development of the procedures. Testing of the PEI's on the simulator
allowed a realistic and functional approach to those procedures.
PEI's have been kept up to date since then. New procedures are still being
developed as training of authorized staff proceeds.

3.3

REFRESHER TRAINING OF SHIFT CREWS
Refresher training of shift crews started in 1991 at a rate of 32 hours per shift
crew per year. The training consists of a review of Abnormal Incidents Manual
procedures (PEI's). Refresher training was given to full shift crews.
The proximity of the simulator to the Gentilly-2 control room allows for easy
access by the shift crew on duty. The crews take advantage of that close
proximity to carry out on-the-job training of second operators. Authorized staff
also perform their own personal refresher training during their duty shift.
A more intensive refresher training program is being developed and will be
implemented over the next few years.

3.4

SIMULATOR MAINTENANCE
Maintenance requires a large share of simulator time. The evolution of
simulator time used for maintenance of hardware and software is shown in
Table 2.
In 1989, the availability of the simulator allowed the modeling engineers to use
it extensively to develop the models.
Availability of the simulator for
maintenance decreased after that. An increasing part of the modeling work
now takes place on a development system. That system is limited; for
example, the emulators for the computer control programs are not perfect and
have limited calculation capacity. It is difficult, at this time, to carry out on the
development system power manoeuvres or scenarios which require a large
number of operator actions. Since September 1993, we have been using VAX
stations, on which we can develop support systems to improve our work. The
simulator will always be necessary for the development and checking of the
models. The modeling work on the simulator often takes place on evenings
and weekends. We do not work at night
Hardware maintenance of the simulator requires approximately 300 hours per
year. This includes time for preventive maintenance and down time due to
break down of equipment. Hardware maintenance sometimes takes place in
parallel with training.

3.5

REFRESHER TRAINING FOR OPERATING STAFF OF EMBALSE NUCLEAR
STATION (Argentina)
Operating staff from the Embalse Nuclear Station in Argentina have been using
the simulator since 1991. The training session of 1991 (2 weeks) and 1992 (4
weeks) mainly served to develop their Abnormal Incident Manual procedures.
In 1993, three (3) shift crews (control room) underwent a three (3) week
refresher course. The training program and refresher courses are their own
responsibility. We have made available our experience and our lesson plans.
Many modifications were carried out to insure the simulator reflects, as closely
as possible, the nuclear part of the Embalse station. Major modifications
include the translation of computer messages into Spanish, the addition of the
Embalse boiler level control program, the changing of the heat transport feed
pump characteristics and the inhibition of certain shutdown system parameters.
Those changes have been performed as permanent alternatives in the
simulator. The Argentine version can be selected on the instructor facility (I/F).

3.6

OTHER SIMULATOR USERS
The largest user of the simulator, other than Training Services, is the
maintenance group for the station control cumputers. Most of the modifications
carried out on the control computers (hardware and software) are tested on the
simulator before being implemented at the station. In order to do this, it is
necessary that the technical specifications for the modifications to the control
computers take into account the characteristics of the simulator. Simulator
personnel are involved early in each project.
Using a configuration
management program operating in a PC, one can readily introduce into the
simulator control computers the modifications to the control programs and to
the man-machine interface programs. If the tests are not positive, one can
easily revert to the known, tested configuration. The availability of operations
personnel at the simulator greatly assists in validation of changes to the control
computers.
For example, a new major/minor alarm differentiation was
implemented at Gentilly-2 after testing, modification and validation on the
simulator in the course of a training program.

4.0

DEFICIENCIES
The simulator maintenance staff comprises one (1) section head, four (4) engineers
(modeling), one (1) system engineer, one (1) hardware maintenance technician, one
(1) clerk and 1.5 maintenance technicians. Work is prioritized through deficiencies
identified by the simulator users. Deficiencies include all discrepancies with respect
to what is required. Deficiency reports are written in the following instances:
1)
2)
3)
4)
5)
6)
7)

the simulator behaviour is different from that of the station or from the
behaviour that is expected for that scenario;
a modification to the station has been made which requires
implementation on the simulator;
there is a simulator hardware deficiency;
training has been interrupted by a hardware or software deficiency;
the instructor facility (I/F) does not meet the training requirements;
it is necessary to add malfunctions or to increase the capabilities or
simulated models;
operation of the simulator requires a hardware or software modification.

Simulator deficiencies are recorded in a data base. The various fields of this data
base allow classification of recorded deficiencies. Two (2) fields will be used in this
paper to classify the deficiencies. The first field serves to identify the simulator
system that is affected by the deficiency and the second field identifies the type of
deficiency. The content of this latter field has been determined through experience
over the year. Data presented includes 2940 deficiency reports written between
August 4, 1988 (delivery date of the simulator) and March 11, 1994. The number of
deficiencies per year is approximately 550. That number has remained constant since
1989. There are approximately 300 unresolved deficiencies in the simulator at the
present time. Table 3 shows the distribution of deficiencies according to system
affected and type of deficiency.
The instructor facility (interface and operation) and the addition of new malfunctions
represent 31 % of deficiencies on the Gentilly-2 simulator. Half of those deficiencies
required modifications ot the various simulator models. For example, we created an
input which allowed re-initialization of all reactor neutronic parameters and of
reactivity mechanisms according to the current power level. We can thus obtain a
stable state at any level of power. We have also added malfunctions to simulate
breaks in many station systems.

Deficiencies affecting lessons on station systems represent 32% of the total, whereas
those affecting lessons on the PEI's are 14% of the total. The resolution of those
deficiencies is the most difficult because, in general, they require more fundamental
modifications to the models, which can generate further problems.
Table 3 shows the percentage of non-relevant deficiencies. A non-relevant deficiency
is one which, after investigation, turns out to be no deficiency at all. II can be seen
that 18% of the deficiencies reported on the models were non-relevant.

Deficiencies which do not affect training represent 10% of the total. Those deficiency
reports are written to modify labels on the instructor facility panel or to track certain
modeling projects.
Deficiences related to the use of wrong fuses currently represent 7% of the total. Up
to now, only the 48 volt supplies on the nuclear systems have been validated. More
power supplies on the conventional and nuclear systems may have to be validated in
the future. A significant increase in those types of deficiencies may than be noted.
Deficiency reports issued to follow modifications performed on the station represent
4% of the total. Althrough they are a small number, they require a large share of the
modeling work. The data base has a field to identify deficiencies which have required
major modifications with intensive modeling work. The data base contains 110 such
deficiencies. Of that number, 15% were of the station modification type (MOD) and
25% of the deficiency type (DEF). In general, the technical specifications on the
models affected by those two types of deficiencies have been increased.
The specifications of the models are increased when the simulated system becomes
"more critical" in a training program. The models for the boiler, the condenser and the
liquid zone system were reconstructed to satisfy the new requirements of training.
The reactivity mechanisms were re-calibrated in order that the operation of Gentilly-2
in abnormal conditions could be reproduced.
The station modifications that had the greatest impact on the simulator models were:
the construction of a nearby gas turbine station (Becancour Station);
the repositioning of flux detectors;
the lowering of the boiler pressure setpoint.
Those station modification had different impacts on our work. The repositioning of the
flux detectors and the lowering of the boiler pressure gave rise to more complex
model development problems than could be forseen from the modificaitons performed
on the station. The complexity of the models and the capabilities of certain models
were such that significant efforts had to be put into solving those problems.
The simulation of the Becancour Station built next to the Gentilly-2 Nuclear Station
was the most significant project on the simulator. The new Becancour Station
consists of four (4) gas turbines (called "turbines a gaz (TAG)), generating a total of
380 MW. It has to be simulated because its power distribution takes place via the
Gentilly-2 switchyard and also because its power can be used to quickly re-establish
Class IV power at Gentilly-2.
The models, as well as the simulator control panels, were modified as work
progressed on the actual project. Part of the modeling was carried out by CAE staff
(in Montreal).

The project started in January 1991 and was carried out in three (3) steps:
1)
2)
3)

modifications to the Gentilly-2 switchyard in order to accomodate the future
Becancour Station switchyard (commissioning in December 1991);
developement of the new switchyard for the Becancour Station and integration
into the Gentilly-2 switchyard. Operation of the TAG'S on the network
(commissioning in June 1993);
operation of the TAG'S to quickly re-establish Class IV supply to Gentilly-2
(commissioning in October 1993).

The implementation, on the simulator, of those three steps are carried out as ongoing
training needs require. The simulator models were modified at the first step using
preliminary drawings. As a result, 20% of the models had to be modified again when
as-built drawings were issued. As-built drawings were available for step two, and will
be available for step three, which will be implemented in June 1994.

5.0

FUTURE CHALLENGES
The main challenges to be met in the future are related to:
1)
2)
3)
5.1

aging of materials (computers and peripheral equipment);
quality assurance of simulation programs;
time sharing of the simulator.

AGING OF MATERIALS
Historically, the performance of the various computers and of the peripheral
equipement has been good. The components with the greatest breakdown
probability are the disks of the GOULD computers (simulation computers). In
the past, it has been possible to cope with breakdown of these components.
The problem is that the architecture of the simulation uses five (5) of those
disks, of which four (4) are essential to its operation. Replacement of those
disks by more advanced technology on the GOULD computers is very costly.
We may have to replace those computer by a new generation of computers.
Changing of the simulation computers might give us an opportunity to simplify
the architecture of the simulator. Those modifications could be carried out in
stages.

5.2

QUALITY ASSURANCE OF SIMULATION PROGRAMS
The simulator models will be modified again in the future to meet the
requirements of training programs. Those requirements will increase due to
the new AEBC policies, which define a larger number of scenarios and which
allow for the use of a large number of malfunctions whilhin the same scenario.
The challenge to be met will consist in modifying the models without degrading
the simulator response to the scenarios already validated. The only way to
maintain simulator fidelity is to carry out, on a regular basis, a large number of
simulations and to compare results to previously validated results.
In the future, that concept of systematic validation will be tested on a few
station systems. Support software has been developed to compare simulation
results. Such simulation will be carried out at night on the development
systems. If it is demonstrated that this concept works, a set of scenarios will be
developed to meet the main training needs.

5.3

TIME SHARING OF THE SIMULATOR
Use of the simulator for initial training, refresher training and engineering
requirements will increase in the future. This will decrease the time available
for maintenance of the software and hardware. To compensate for lack of
available simulator time, increasing use of development systems will be
required.
The ideal development system should:
a)
b)
c)
d)
e)

simulate the whole station with an adequate response time (faster
than real time);
include valid control program simulators;
be able to perform certain functions of the control computers
(alarms, trends, interrupts);
be equipped with an interface that allows for easily changing the
status of panel indicators;
be able to give an overall view of the various station systems,
such as can be seen in the control room.

Significant efforts are being made, at the present time, to build a development
system that will meet the requirements. This system will use the CTS software
of CAE and the window capabilities and shared memories of VAX 6000
stations. One VAX station will be available to each modeling engineer. The
development system will be in operation in 1994.

60

CONCLUSION
The Gentilly-2 simulator has been used since 1989 to train authorized staff and to
meet the needs of many other users in the station. Three AECB exams on the
simulator have taken place at Gentilly-2 since it has been put into commercial
operation.
A review of the 2940 deficiencies found on the simulator, since August 4 1988, has
been presented.
In spite of the large number of deficiencies noted over the years, we consider the
Gentilly-2 simulator to be of a very high quality The modifications that were carried
out on the models were necessary to meet training requirements.
Those
requirements change with time, and may be different from one utility to the other.
The classification of deficiencies recorded since 1989 shows that 31% are attributed
to the instructor facility (I/F) control panel and to inputing of malfunctions by the
instructor.
The use of the simulator for AECB exams, which require a large number of scenarios
and allow a large number of malfunctions, leads us to believe that the number of
deficiencies will remain high.
We will need to continue expending significant efforts is quality assurance to ensure
that the simulator accurately reflects the Gentilly-2 station.

USE OF THE SIMULATORATOR (%)

Maintenance

Total

Others

Training

WEEKENDS AND HOUDAYS

EVENINGS

DAYS
I Maintenance

Training

Others

Total

Training

Others

15.0

3.0

6.5
8.7
8.3
9.5

10.2

0.0
0.0
0.5
3.9
4.4

1 Maintenance

Total

Year

0.0
70.0
30.0
47.8
52.2
0.0
43.5
56.5
0.0
30.7
66.0
2.4
7.0
30.8
59.9
initial training and refresher training
the difference between the total and

1989
1990
1991
1992
1993

100.0
100.0
100.0
99.1
97.7

59.8
41.4
29.2
27.5
28.0

7.4
18.1
12.6
28.3
16.7

0.0
0.0
2.5
10.2

4.6

67.2
59.5
44.3
66.0
49.3

2.8
18.8
13.7

18.0
16.7
12.0
31.0
27.6

100% represents time when the simulator is not in use.

TABLE 2
I

Number of hours the simulator is used, per year, for maintenance and by other users (days, evenings and weekends)
Maintenance
Year

1989
1990
1991
1992
1993

software

2312
1616
1228
1056

920

j

Other users
(engineering and Argentinians)

hardware

252
288
304
272
412

0
0
56
324
308

1989 includes 11 months from February to December
1991/1993 the Argentinians worked nights (in part)

]

Model

Instructor
facility

Software

I

Hardware

Total

% of total

Lesson plan (system) is affected

SYS

846

11

17

64

938

31.91

Lesson plan (integrated phase) is affected
(Abnormal Incidents Manual procedures)

INT

401

3

7

16

427

14.52

To add a malfunction or to correct simulator
behaviour when a malfunction is added

DEF

422

243

15

5

685

23.30

To correct the models to use right type of fuses

FUS

213

6

6

1

226

7.69

VER/OPE

62

76

30

59

235

7.99

MOD

62

7

9

42

120

4.08

NIL

118

123

35

33

309

10.51

469
15.95

127
4.32

2940
100.00

100.00

37
7.9

35
27.5

To check if simulator results are acceptable or if the
operation of the simulator is inadequate
To implement modifications to the station

No training scenario is affected (work tracking, I/F
page correction, etc..)

|TOTAL
[ TOTAL OF %
Non-relevant deficiencies

i

- Number
- %

2124
72.2
391
18.4

I

I
I

220
7.48
15
6.8

I
I

478
16.2

I

I
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ABSTRACT
This paper examines the key themes surrounding the management of authorization training
for nuclear operators. Recognizing that investment in staff skills and competence is a
fundamental component of quality corporate performance, this overview deals with the
development and retention of skills and knowledge for authorized staff at Ontario Hydro
Nuclear stations. Beyond this, it will review the current status of the existing program and
underline the challenges which exist in attaining excellence in authorization training.
1 0 INTRODUCTION
Training is the principal means by which an organization maintains and develops its staffs
skills and promotes continued excellence in performance. Likewise corporate or plant
changes will only come about if education of employees is adequately considered. No where
are these issues more critical to a utility than in Authorization training for Nuclear Operators.
At Ontario Hydro, a major corporate restructuring has forced a reexamination of both the
direction and focus of utility management. Authorization Training has benefited from this
process in that the entire program has been assessed and confirmed as a corporate priority.
Ongoing initiatives aimed at program enhancement have been supported and strengthened by
new undertakings and commitments. This paper reviews some of the key elements being
addressed and provides insight into future steps being contemplated. The subject will be
treated in 3 major components, namely;
1.
2.
3.

Strategic Direction
Authorization Processes
Resource Management

Aside from documenting specific areas making up each section, discussion will centre around
the major focus areas. Considerable effort is being expended at ensuring that those aspects
currently being done well are retained, while at the same time pushing forward with program
enhancements. The overall objectives of the ongoing changes are to;
•

produce an excellent initial authorization program based on a systematic approach to
training

•

consolidate all aspects of authorization staff training into a more streamline approach

•

provide a shorter and better defined path to competent trainees

Figure 1 shows diagrammatically the aim of the current program initiatives. Specific aspects
will be discussed in the following text.
Finally, while the focus of the program changes is on the initial curriculum, most of the
issues raised apply equally to ongoing training, a key element to skills maintenance.

2.0 STRATEGIC DIRECTION
Training as any other corporate activity must be led by individuals who have a clear mission
and who feel accountable for their actions. The Training and Simulator Services Division
(TSSD) is an integral part of Ontario Hydro Nuclear (OHN). As such it acts in a service
capacity to the Nuclear sites. To continue to exist it must demonstrate both value and
efficiency in its program delivery. This has been the principal message communicated by
TSSD leadership to all its staff. In authorization training, we have responded by;
•

establishing communication links at all levels of the section to promote customer input
and to solicit feedback

•

developing key performance indicators to demonstrate both commitment to and
realization of excellence. (Figures 2 and 3 represent a selection of key indicators in
place)

•

forming task groups to deal with key customer issues and problems (eg, ongoing
training program content at PNGS)

•

negotiating essential roles/responsibilities within the program to ensure all elements
are being executed

The result of the above has been well informed and participative clients and strong and
consistent program leadership. Continued efforts have to be made to ensure that the
fundamental program changes anticipated are made in similar fashion.
Program standards and principles are another key part of an effective strategic direction. At
Ontario Hydro, NGD-08130-031 -13, "Performance Objectives and Criteria for Ontario
Hydro Nuclear Generating Stations" is the guiding document for the Training program. A
number of years ago, in response to evolving world standards and direction, the corporation
adopted a rigid framework of training program design and delivery. The corporate review
and refocus has resulted in its revision to a more flexible and sustainable process. Based on
a systematic approach to training, it recognized that where programs have been in place for
some time, comprehensive Job Task Analysis (JTA) may not be appropriate. A more
abbreviated process, involving subject matter experts and training specialist is now the
preferred route. Figure 4 is an extract from the revised OH Nuclear Training policy and
demonstrates the overall approach.

3.0 AUTHORIZATION PROGRAM PROCESSES
Aside from a clear strategic direction, an effective program needs to have a comprehensive
set of processes around which candidate training is conducted. For authorization training at
Ontario Hydro, process documentation has been developed in the following areas:
•

Program structure and candidate milestones

•

Preparation and Delivery of Authorization Training

•

Candidate Assessment

•

Training and Operating Documentation Management

•

Station Performance Expectations

While the program review has meant a number of revisions to most of the above, the key
focus area has been the updating performance and knowledge expectations and their
subsequent impact of both documentation and assessment. As such, this section will deal
with this initiative.
Given an acceptable performance level, current job duties and expectations must form the
basis of a training program aimed at producing competent individuals. Inherent in the skills
displayed on the job are a set of competencies and knowledge that must be imparted to a
student. Beyond this, there are also enabling fundamentals which must be known to assist
any individual to grasp more complex concepts dealt with on the job. While easily said, the
above remains one of the most elusive and contentious area in the authorization training area.
For the last 2 years, an inter utility and regulator group has been producing a set of terminal
knowledge objectives for authorized staff. The result of their efforts, which should be
available by June/94, will be a generic set of knowledge objectives which can be applied to
any station system. A user guide will also be provided to assist both trainer and trainee in
assessing both scope and depth of knowledge required. The link between job duties and
knowledge objectives will also be made by this group. While not as rigorous as a job task
analysis, this group, made up of experienced authorized staff possess the expertise to
document all the key elements of licensed positions.
The production of station system specific knowledge objectives will result in a significant
enhancement of the authorization program. While program objectives currently exist, the
above effort is a step increase in rigour and serves to bound the depth and scope of learning
requirements in a much more practical manner. Furthermore, it will provide much greater
assurance that the learning experience by initial authorization candidates is thorough and
comprehensive.
The next few steps, to be carried out with all the individual line customers, will be to verify
the system specific learning objectives, assess the coverage of the current program and make
the necessary changes in both training documentation and delivery.

Regardless of the actual program structure, it is necessary to ensure that at every stage of
training for operating staff, clear learning objectives exist. Furthermore, as in most complex
tasks, knowledge and experience build incrementally. Authorization candidates enter the
formal part of our program as sophisticated trainees typically having 8-10 years of production
plant experience. As such, a significant amount of the enabling knowledge required to allow
comprehension of complex system interactions, has already been imparted to the trainees.
The necessary reinforcement and upgrading of science fundamentals, is the basis for the
generals component. While the job duties and terminal knowledge objectives provide some
direction for the development and delivery of these aspects of the training program, they are
not complete. Considerable debate has been ongoing in the last few years over the essential
enabling science fundamentals. This area will have to be resolved prior to any significant
progress being made at revising the current generals curriculum.
Consistent with the above, Ontario Hydro is also seeking the conversion of both Generals
and RPT audit exams into inhouse programs and the consolidation of relevant station specific
material into the simulator phase. Beyond this, the field training and copiloting must be
better spelled out to clearly demonstrate those aspects of job knowledge and expectations
being delivered in these phases.
The last area to be touched on in this element is that of candidate assessment. Having built a
training program based on terminal objectives linked to competent job performance
expectations, both written and simulator assessments must evaluate the mastery of the
relevant objectives. Beyond this, the appropriate vehicle must be selected for the evaluation
of those specific aspects of performance critical to the safe operation of the plant. The
introduction of simulator based exams has created a much more realistic mechanism for
evaluating trainees and providing both line and regulator with assurances of competence.
Ideal for monitoring appropriate response to conditions impacting on reactor safety, other
evaluation mechanisms, such as written and oral examinations are required to probe
fundamental understanding and rationale behind the key operator activities. Fall/93 saw the
introduction of simulator based exams (SBE) for PNGS and BNGS stations; DNGS will
begin in the Spring of 1995. The overall results showed a process well suited to ANO
evaluation. SS testing methodology continues to be developed and it is hoped that the Fall of
1994 will see an acceptable test vehicle initiated.
An essential element of the adequacy of the SBE has been found to be the Station Specific
performance expectations. While the testing mechanism is, by its nature, somewhat
artificial, in that it focuses the assessment on one individual in a team, clearly defined station
expectations are vital. As more experience is gained with designing scenarios and marking
guides, the expectations will be further refined to document, at least to the satisfaction of the
examiner, required response for initial candidates.

4.0 RESOURCE MANAGEMENT
A clear strategic direction and a comprehensive set of work processes are, in themselves,
inadequate to achieve quality results. Resources must be used effectively to deliver on
expectations. The authorization program possesses a number of key resources, namely;
•
•
•

instructing staff
full scope simulators
Training Documentation/other Information Sources

A major initiative was launched in early 1994 to review the organizational structure and
positions within the authorization units. Outdated job documents and compensation
relativities were found to be impacting on the section's ability to attract and retain quality
staff. Specific measures have yet to be proposed but are expected to be in progress at the
time of publication.
Aside from this TSSD initiative, a renewed focus aimed at;
•

ensuring instructing staff are demonstrating customer focus

•

looking enhancing individual capability and contribution

•

keeping staff informed of key issues and direction

has been in place across the Division. Consistent with the new Corporate Culture, it has as
its basic premise the preeminent role of the instructor in delivering quality.
Simulator performance has been the subject of considerable discussion in the past and will
not be reviewed in detail. Efforts continue to enhance all simulators in their ability to be
used as testing vehicles and to reduce discrepancies between plant and training centre.
C leal issues to high quality performance in this area include:
•

adequate attention to preventative maintenance and simulator material condition

•

Prompt response to breakdowns/deficiencies

•

adherence to strict change control process

•

continued demonstration of value for service

Training documentation including both manuals and operating documentation is another area
of focus in Authorization training. While highly interactive teaching methods reduce the risk
from outdated material, technical accuracy and currency of all station documentation is
essential to a quality program. The attention is being placed on Ontario Hydro's older
stations, which typically have a larger gap in quality. The terminal knowledge objective
review mentioned earlier will serve as a catalyst for a more broad review to be carried out in
1994.

Related to the issue of documentation is information management. Accepting the final
product of lesson preparation as the instructor lectures, the strategy is to provide him/her
with tools and techniques which facilitate the development of high quality training. This
means;
•

enhancing data manipulation capability

•

providing extensive presentation software

•

improving access to station procedures/training documents

•

establishing direct links to operating experience data bases

Recognizing the instructor as the most critical resource in Authorization promotes the above
and has led to specific initiatives aimed at enhancing program quality and success.

5.0 SUMMARY
The Authorization program has, and will continue to produce, competent candidates, for both
ANO and SS positions. As part of an overall strategic review, Authorization training was
deemed critical to the continued success of OHN and was given a new mandate. This paper
has examined the essential elements of a quality program and has identified some key thrusts
for program enhancements, notably;
•

increased line support and involvement in initial program conduct

•

incorporation of knowledge objectives into program documentation

•

recognition of the central role of the instructor in program quality

These individual initiatives carry a common theme of increasing program relevance and
quality, while at the same time ensuring an effective use of corporate resources.
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ABSTRACT

Training plays an important role in the safe and reliable operation of a nuclear power station.
The technology used in our industry is complex, especially to the newly hired engineer,
operator, and maintainer. Also, nuclear power stations must perform and operate with an
extremely low margin of error. Because of the demand for highly specialized skills, high
performance standards, and stringent regulatory requirements, training must be effective in
achieving the desired performance results. To ensure that station training programs are
effective, a Systematic Approach to Training (SAT) is being implemented at the Point Lepreau
Generating Station (PLGS).
This paper examines what SAT consists of and how it evolved at PLGS. The implementation
approach and plan are described, as well as the lessons learned in the implementation process.
Finally, the benefits expected from its full implementation are identified.
The Systematic Approach to Training contributes to the safe and economical operation of Point
Lepreau. Ultimately, the station's training challenge is to ensure that employees demonstrate
on-the-job competency. The implementation of SAT is our response to this challenge.
INTRODUCTION
The Point Lepreau Generating Station (PLGS) is required to operate safely and economically.
To accomplish this, NB Power is committed to developing and maintaining employee on-the-job
competency. One of the critical factors required to achieve this is effective training. Therefore,
PLGS is committed to an approach to training which will provide a high degree of confidence
in training effectiveness.

INTRODUCTION (Cont'd)
The model we have chosen at PLGS will be familiar to most training practitioners as it has been
used and refined by other industries, including the nuclear industry, for over a decade. It is
known by its acronym, "SAT" which stands for "Systematic Approach to Training". This is a
performance-based model which is composed of five interdependent, interrelated components.
These components and their products are shown in Table A, below.

Table A

•

SYSTEMATIC APPROACH TO TRAINING
Process

Product

Determining Training Needs

Training
Requirements

Identifying Training
Specifications

Training Objectives

—»- Develo pment

Preparing Training Materials

Lesson Plans and
Training Materials

-»- Implermsntation

Delivering Training Projirtwiis

Ti.iin^tl Kiii|>luv>'«'s

—•— Evaluation

Assessing Training
Effectiveness

Kre.tlhurk to Improve
Hie "SAT" Process

Component
— Analysis

n i

iign

— Des

The SAT model was chosen not only because it has proven to be effective elsewhere, but also
because it is a management tool to ensure that resources are focused in a logical, effective and
efficient manner.
The main difference between SAT and other conventional approaches to training, is that SAT
is a performance-based process. All training can be directly linked to the knowledge and skills
required to perform a job.
HISTORICAL PERSPECTIVE
Point Lepreau went into commercial service in 1983. Since then it has attained one of the best
lifetime operating records of any nuclear power plant in the world, and the best of any CANDU
reactor.

HISTORIAL PERSPECTIVE (Cont'd)
The first group of employees at PLGS attended a rigorous and practical school, which we have
called the "PLGS Commissioning School". Commissioning and early operation provided an
excellent learning environment because there were so many practical problems that had to be
solved. Through the combination of a good selection of workers, effective planning and
supervision, and timely on-the-job training, a team approach developed that lead to excellent
performance.
Workers trained in the "Commissioning School" continued to share their plant knowledge and
experience through informal and formal on-the-job training. The enviable record of the plant
attests to their success.
In these early years of the plant, the emphasis on formal training was placed on preparing people
to write the six, knowledge-based examinations required for the AECB licensing of Control
Room Operators (CRO's) and Shift Supervisors (SS's). There was no formal link between the
skill and knowledge required to effectively perform the jobs at PLGS and the AECB examination
questions. This training was not performance-based.
AND THE YEARS WENT BY ....
The AECB authorization training has evolved over the years. The subject areas examined have
broadened (both in scope and depth) , and the duration of the training program has increased.
As well, a full scope simulator has been introduced as a training tool. This has started to change
how we train and evaluate CRO and SS candidates with more emphasis being placed on the
performance related aspects of their jobs. All of these changes have led to increased training
costs, however, pass rates on AECB examinations have not significantly improved.
The continuing training needs of PLGS employees are addressed through a combination of
informal on-the-job training and classroom/workshop training sessions.
A turning point at PLGS was a staff turnover in 1992/93 due to NB Power's commitment to
support commissioning activities at the Cemavoda CANDU Station in Romania. This displaced
operations, maintenance and technical staff, many of whom who had been trained in the "PLGS
Commissioning School". In addition to new personnel, many existing staff were assigned
different responsibilities. With the plant operating most of the time in a steady state, 100% full
power mode, there are very few direct practical learning experiences except during outages and
equipment overhauls. Therefore, the requirement for effective formal training programs, and
improved on-the-job training became readily apparent.
The maintenance work groups (Chemical, Mechanical, and Electrical, Instrumentation &
Control) were the first to respond to this challenge by identifying the job performance
requirements of their work groups. This effort was a challenging one, and it highlighted, among
other things, the need for a more consistent, systematic approach to all of the training that we
do at PLGS. This process was the catalyst for adopting the SAT model.

DEFINING THE APPROACH
We spent a considerable amount of time at the outset of this project clearly defining the type of
process we both wanted and needed at PLGS. This was time very well spent and resulted in the
following decisions:
1.

An implementation team was formed, consisting of the authors of this paper, to
oversee the implementation and to perform the following functions: planning,
monitoring, evaluation and follow-up.

2.

The training department will take a facilitative as opposed to a directive
approach in order to achieve plant "buy-in" of the process.

3.

The documentation generated will be kept to a minimum and will be descriptive
rather than prescriptive in nature. This will ensure that the unique requirements
of each work group can be accommodated, while still meeting the objectives of
the SAT model.

4.

The documentation will be the end-product of the process as opposed to the
driving force. That is, rather than preparing the documentation and then "selling"
it to the plant, plant personnel will be actively involved, and will "own" the
documentation.

5.

A review of work group training practices indicated that some aspects of SAT
were already in place. Recognizing these "good practices" as opposed to "reinventing the wheel" would be the most efficient and effective means to achieving
our goal.

6.

Senior management commitment to the approach is essential to ensure that the
leadership and resources required for implementation are committed to the
project. This also guarantees that the problems inherent in the introduction of any
significant change to the training process will not derail our progress.

THE IMPLEMENTATION PLAN
The goal of the SAT implementation plan is to educate PLGS personnel about SAT and to
achieve "buy-in" for its complete implementation.
To achieve this we required a strategy to change the way plant personnel and staff perceive
training. We believe this is a three step process:
1.

Plant personnel must understand what SAT is and how it can be applied at PLGS.

2.

Personnel must be convinced that SAT will improve the effectiveness of training
in responding to plant needs.

THE IMPLEMENTATION PLAN (Confd)
3.

Work groups must be actively involved in the implementation of SAT including
the development of any required documentation.

Our first task was to achieve the commitment of senior plant managers to fully implement SAT.
We accomplished this with minimal effort.
At the same time, we held a series of meetings with the training staff. Their involvement in and
acceptance of this process was vital, because they would eventually become the "champions" and
primary implemented of SAT. They also provided a "reality check" to the applications of SAT
principles in the plant. We spent a great deal of time responding to the many questions and
concerns the training staff had about SAT. Fortunately, a majority of staff members are positive
about the changes.
The plant middle management became our next focus. We held a series of meetings with these
managers to explain the approach and its benefits. We received mixed responses from this
group. Some managers have embraced our plan, while others express scepticism of its benefits.
We continue to facilitate change with this group.
Next, we held meetings with first line supervisors and foremen. We predict that this group will
remain actively involved in SAT and realize the biggest benefits from its implementation. We
predict that SAT will increase their confidence in the pay-back that training provides to the work
groups.
Concurrent to meeting with these groups, we began preparing the required documentation. As
has already been mentioned, we believe that documentation should be the end-product of
implementation as opposed to the driving force.
The implementation plan specifies development of the following documentation:
1.

A station-wide reference document that describes the overall systematic approach
to be used to conduct all plant training. This document defines the training
approach, its philosophical basis, how it contributes to the plant mission, the five
components of SAT, and the roles and responsibilities for its implementation.

2.

Work group station instructions (Si's) that describe how SAT is implemented for
each of the work group training programs. These instructions identify the
applications of SAT to fit the unique environments of the individual plant groups.
Work groups are responsible for developing this documentation. The Training
Department provides overall coordination and assistance to ensure that the Si's
accurately reflect the components of SAT.

3.

Training Department procedures that describe the methods to implement each of
the components of SAT. The five procedures (one for each component:
Analysis, Design, Development, Implementation, and Evaluation) will be used

THE IMPLEMENTATION PLAN (Cont'd)
primarily by the training staff.
The plant's involvement in the development and approval of the documentation to support SAT
has been an effective vehicle to achieve "buy-in." Also, providing small, incremental training
improvements has helped to promote SAT.
Some of the tools which we are using in the implementation of SAT, and which have been well
accepted by both training and plant personnel, are listed below. Examples of these forms are
contained in appendices to this paper.
1.

TIP (Training Improvement Proposal) which is used to document, track, and
evaluate training feedback. (Appendix A)

2.

Course Descriptions which are used to document the results of analysis and
design activities. (Appendix B)

3.

Performance Requirement-to-Training Cross Reference Matrix which is used to
validate that a training program addresses the work group's performance-based
training requirements. (Appendix Q

THE IMPLEMENTATION PROCESS
The challenge of introducing a systematic approach to training is to manage the changes that will
take place with respect to how training is conducted.
Introducing change is not unlike planting Chinese bamboo. With Chinese bamboo, a seed is
planted, watered and fertilized, and for the first year, nothing happens. In the second year, the
seed is watered and fertilized, and nothing happens. This process continues for the third and
the fourth years, until finally, in the fifth year, the bamboo grows up to ninety feet in less than
six weeks. In the interim period, from the initial planting, to the final harvest, a lack of
commitment to the process, or a lack of confidence in the end result, can thwart the whole
exercise.
At PLGS, we accepted that some questions would be raised regarding the usefulness of a
systematic approach to training, and in fact welcomed. We developed a three step strategy to
address concerns, as follows:
1.

Provide as much information as possible regarding the change.

2.

Identify and address any concerns regarding the change.

3.

Capitalize on the positive aspects that the resistance to change can have on the
implementation process.

THE IMPLEMENTATION PROCESS (Cont'd)
We have already discussed our strategy for providing information regarding SAT, so let's focus
on steps 2 & 3 in managing the change.
Questions and concerns about the SAT process can be regarded as opportunities. At PLGS we
found the following strategy to be effective:
1.

Identify questions or concerns by listening to the "grapevine". Some people who
remain passive at meetings may voice concern with their peers and fuel
misconceptions about the "SAT" process through informal discussions.

2.

At meetings, be attentive to body language.
saying, as well as what they are saying.

3.

Address questions and concerns "head-on". At our meetings with training
personnel as well as plant supervisors and seniors, we developed two lists, "What
SAT Is" and "What SAT Is Not" so that misconceptions could be addressed
openly.

4.

Concerns may indicate that people are not getting appropriate information in a
timely way. Approach these concerns as opportunities to improve communication
and training.

Listen for what people are not

Questions and concerns about the SAT process do result in some positive spin-offs. These are
described in Table B.

Table B
THE BENEFITS OF QUESTIONING THE SAT PROCESS

Promotes communication between the plant
and the training department
Clarifies the roles and expectations of the
plant and the training department
Helps to focus resources and priorities during
the implementation process
Is a catalyst for resolving training problems
Promotes a thorough examination of all
aspects of the SAT process
Ultimately results in more ownership and
"buy-in" than could otherwise be achieved
Ensures that "SAT" becomes "RAT" - a
Realistic Approach to Training

LESSONS LEARNED - PLGS
The implementation of SAT is a learning experience. We present the following "lessons
learned" so that others may benefit from our experiences.
1.

Every effort must be made to address questions or concerns in a constructive and
open manner. Lively, informed debate results in a better end-product.

2.

There is a natural evolution from "SAT" as a theoretical model, to "RAT" the
"Realistic Approach to Training". To ensure that this evolution takes place, the
implementation team must actively seek input from all work groups, be openminded with respect to this input and, be flexible throughout the implementation
process.

3.

The implementation should be coordinated by an implementation team who are
prepared to perform a number of roles, specifically:

LESSONS LEARNED - AECB (Cont'd)

4.

(a)

Trainers

Providing information regarding SAT, initially and
on an on-going basis to promote understanding and
deal with questions and concerns as they arise.

(b)

Facilitators

Soliciting input from all parties and reconciling
differences in perceptions and expectations during
the implementation.

(c)

Catalysts

Keeping the process moving so that implementation
schedules can be met.

Introducing "SAT" is like planting that Chinese bamboo. If you don't believe that
in the end you will see the fruits of your labour, then the amount of watering and
fertilizing required and the time it takes from planting to reaping, will be
discouraging. Patience and perseverance are prerequisites for implementation
team members.

BENEFITS FROM THE FULL IMPLEMENTATION OF SAT
Commitment to the full implementation of SAT is based on a number of anticipated benefits.
The key improvements we hope to accomplish as a result these efforts are as follows:
•

Consistency in the quality of training delivered at Point Lepreau.

•

Ownership of, and involvement in training by the plant work groups, supervisors,
and managers.

•

Structured approach to the conduct of on-the-job training.

•

Focused utilization of training resources.

•

Confidence in training by plant staff and managers.

•

Cost-effective training.

•

Timely responses to identified training needs.

•

Constant focus on improving the training process.

•

Timely responses to training feedback.

•

Appropriate selection of training methods.

•

Clear distinction between initial and continuing training needs.

BENEFITS FROM THE FULL IMPLEMENTATION OF SAT (Cont'd)
We are currently at the mid-point of our implementation plan, and have begun to realize some
successes. Here are a few of the key areas of improvement:
1.

Training review groups meet every three months for the Chemistry, Mechanical
Maintenance, Electrical, Instrumentation & Control Maintenance, and Operator
Skills programs. These groups discuss and evaluate training effectiveness issues
and assess potential training needs. These meetings have become an effective
means for implementing SAT and for promoting open communication between the
Training Department and plant work groups.

2.

Course descriptions are being prepared and are proving to be an effective way of
ensuring that plant training needs afe clearly defined. They are approved by both
training and work group supervisors, and are provided to trainees before the
training begins. This helps to clearly define the scope of the training and to
clarify the expectations of all parties.

3.

More training is being delivered in the workshops rather than the classrooms to
increase hands-on applications and to improve the link between training and onthe-job performance requirements.

4.

We have seen an increased involvement in training by plant middle management.

5.

We expect vendors to apply SAT in their PLGS training activities. We feel that
because of this, and our efforts to consistently evaluate the effectiveness of
vendor training, we have better utilization, control and accountability for this
training.

6.

Our training staff applies the SAT model in their daily activities. They have
begun to appreciate the merits of the process through the incremental successes
they have realized.

7.

We have received positive feedback from selected plant foremen and supervisors
indicating that they have noted training improvements since we began
implementing SAT.

Our challenge is to ensure that PLGS employees demonstrate on-the-job competency. The
implementation of SAT is our response to this challenge. The biggest incentive to this process
is that effective training contributes to the safe and economical operation of Point Lepreau.

APPENDIX A
TRAINING IMPROVEMENT PROPOSAL

Training Program:

Course & Number:

Initiator:
Proposal is for (check one): ______ New training
Describe proposal (or feedback):

Date:
Existing training
_____™_________

Proposal is a result of (check each that applies):
change in plant procedure or document
change in plant system or equipment
course evaluation form(s)
post-training evaluation results
feedback from plant supervisor or manager
feedback from trainee(s) or job incumbent(s)
feedback from training officer or training supervisor
__plant operating experience (UER, UEIR, IR, etc.)
industry operating experience (source:
)
other:
ACTION/APPROVAL:
This proposal
does does not describe a valid training need.
Individual assigned to implement: _________________________
Implementation plan & schedule
____„___

Supervisor signature

date

CLOSURE:
The proposal has been effectively resolved/implemented, and
should be closed. Comments:

Training Superintendent

date

APPENDIX B
COURSE DESCRIPTION

Course Title:

Course No:

Training, Program:
Intended Audience:

Evaluation Method:
Prerequisites/Special Requirements:
Performance Standards:
Training Setting:
Course Objectives:

Prepared By: _______________„_______„

Date:

Reviewed By: _______________ m ______^^

Date:

Approved By:

Training:
Plant Work Group Supervisor

Training Superintendent

APPENDIX C
CHEMICAL HAIHTAIHER TRAINING PROGRAM
PERFORMANCE REQUIREMENT TO TRAINING CROSS REFERENCE MATRIX

PERFORMANCE
REQUIREMENTS

Heat Transport
Process Chemistry
Control
1. Sample the system
(liquid, cover
gas)
2. Add Lithium to
the system.

REFERENCE DOCUMENT(S) & PROCEDURE(S)

Design Manuals
DM-87-33100/63310, PHT Main System
DM-87-33350/63335
Operating Manuals
OM-33100, Main PBT System
OM-33350, PHT Purification System
OM-78210, Plant Chemistry Control, Sec. 4.3,
Heat Transport System
Training Manuals
TR(A)-33100, Main PHT System
TR(A)-33350, PHT Purification System

TRAINING TO
SUPPORT
KNOWLEDGE
Systems Design
Based Training
Heat Transport
System Modules

TRAINING TO
SUPPORT
SKILL

CONTINUING
TRAINING
REQUIRED?

Chemistry
Training
97146-243 CFC
(1 day plant)

No

Chemistry
Training
97146-211-JPM
(0.5 day
plant)

No

3. Sample the ion
exchange columns.
4. Maintain crud
filtering.
Conductivity
Measurements
1. Analyze sample
for conductivity.
2. Calibrate the
meter.
3. Set the cell
constant.
4. Set the
temperature
coefficient.
S. Install a new
electrode to the
meter.

Radiometer CDM3 Conductivity Meter, Instrument
Procedure, 178200-IP-24 fc Manufacturer's Operating Instructions.

Chemistry
Training
97146-211-K
(l.S day
Classroom)
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Regulatory Evaluation of Utility Training Programs:
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Abstract:
In 1991, the Atomic Energy Control Board's (AECB) Operator Certification Division (OCD) '
began a program of systematic evaluation of training programs at Canadian nuclear utilities.
The goal of these evaluations is to obtain assurance that the training programs are effective in
enabling plant personnel to attain and maintain competence in their jobs. The program was
described in October, 1993 at the INC 493 CNA/CNS conference.1
As the process of regulatory evaluation of training programs in Canada has developed, the
question of the evaluation criteria the AECB should use has received increased attention,
both by regulatory staff and the utilities. Fortunately, considerable work has been done by
such organizations as the International Atomic Energy Agency (IAEA), the Institute of
Nuclear Power Operations (INPO) and the World Association of Nuclear Operators (WANO)
in developing and publishing lists of objectives and criteria for judging the extent to which
training programs are examples of a "systematic approach to training" (SAT, sometimes
called a "systems approach to training"). Canadian nuclear utility training departments have
joined the above-mentioned international organizations in accepting the SAT approach as the
best method by which to develop and deliver training programs to nuclear operations
personnel.
In spite of the consensus on the choice of a "systematic approach to training" as the best
method, evaluation of existing programs to date has found some concern among utility staff
about the exact nature of the objectives and criteria which specify the required characteristics
of training that follows such an approach. This paper will compare the objectives and
criteria which have been proposed by international and Canadian organizations and will
illustrate the strong similarities between these diverse formulations. As one of its initiatives,
the Operator Certification Division, working through the Standing Inter-Utility/Regulatory
Working Group, has asked the Canadian nuclear utilities to join with the AECB in
establishing a uniform set of objectives and criteria for a systematic approach to training that
would be covered, along with other related topics, in a Canadian Standards Association
standard for nuclear training programs.

R. Droll and D. Tennant, Training Program Evaluation: Current Regulatory
Activities, INC '93 CNA/CNS Conference Proceedings, October 3 - 6, 1993,
Toronto

The development of such a Canadian Standard will require a clear understanding of the
theoretical ideas from which SAT has been derived. Such an understanding will clarify the
advantages of SAT over older "experienced-based" training methods.
The Elements of a Systematic Approach to Training
A US Navy-sponsored attempt to define the essentials of the "Systems Approach to
Training" (SAT) found that over 100 SAT manuals had been published between 1960 and
1975. Names employed for the various SAT models have included: (1) Systems Engineering
of Training, (2) Training Situation Analysis, (3) the Developmental Approach to Training,
(4) the Design of Instructional Systems, (5> Instructional Systems Development, (6) Training
Systems Development, (7) Instructional Technology, and (8) Performance-Based Training.2
Figures 1 to 3 at the end of this paper illustrate some of the SAT models employed.
Fortunately, the international nuclear power industry has reached a consensus on the basic
elements or phases of SAT. The IAEA, INPO and WANO3 have each characterized the SAT
process as consisting of five essential elements or phases:
-

Analysis,which comprises such activities as needs analysis, job analysis, selecting tasks
for training, and task analysis.

-

Design, which includes establishing performance standards, selecting training settings,
determining entry level knowledge and skills requirements, developing learning
objectives, sequencing and organizing the objectives and developing tests.

-

Development, in which the training developer specifies training methods and learning
activities, develops training materials and creates lesson plans.

-

Implementation, in which training is delivered, trainees are evaluated, and training
records are kept.

-

Evaluation, in which information concerning all the SAT phases is collected and analyzed
so that improvements and corrections to the training program may be implemented.

Melvin D. Montemerlo and Michael E. Tennyson, Instructional Systems
Development: Conceptual Analysis and Comprehensive Bibliography,
NAVTRAEQUIPCENIH-257 (Orlando: Naval Training Equipment Center, 1976)
5
IAEA, Report of the IAEA Review Meeting on Training for the Qualification
and Competence of Nuclear Power Plant Personnel, Vienna, 1993

The nuclear industry concord on SAT has been matched by more agreement outside the
industry on what constitutes the essential features of the systems approach to instructional
design. Seels and Glasgow state that a "generic" instructional design model may be derived
from the common features of the many diverse instructional design models. The Seels and
Glasgow "generic" SAT model has the same five phases as the nuclear industry consensus.4
SAT Compared to Traditional Instruction
The IAEA has stated: "It is now accepted that to develop training programmes on the basis
of experience alone is inappropriate for the nuclear power industry and a systematic approach
to training is necessary."5 Thus SAT is contrasted with and found superior to instruction
based solely on experience.
Hannum and Briggs compared a systematic approach with traditional instruction in seventeen
areas. Some of the more striking differences found include:6
Setting of goals:

SAT uses needs, job and task analyses. Traditional instruction
relies on a traditional curriculum and a textbook.

Objectives:

SAT states objectives in terms of student performance. Traditional
objectives were stated in terms of global outcomes or teacher
performance.

Course Development:

SAT calls for stating the objectives first. Materials which support
the objectives are then selected. Traditional methods select the
textbook and course materials first.

Grading/Promotion:

SAT trainee evaluation is based on trainee mastery of the
objectives. Most trainees master the objectives. Traditional
instruction compares individual students with other students. The
normal curve is often used.

Barbara Seels and Zita Glasgow, Exercises in Instructional Design, (Columbus:
Merrill, 1990) 5-8
IAEA, Executive Summary of the Guidebook on Training to Establish and
Maintain the Qualification and Competence of Nuclear Power Plant
Operations Personnel, (1989) 2
Hannum, W.H. and Briggs, L.J., "How Does Instructional Systems Design
Differ from Traditional Instruction?" Educational Technology, 22(1982): 9-14

Objectives and Criteria from General Systems Theory
As mentioned earlier, if a Canadian standard setting forth objectives and criteria: for a
systematic approach to training is to be written, it is important that the standard writers have
a clear idea of the conceptual foundations of SAT. The original inspiration for SAT was
systems theory.
Systems theory developed out of the "systems analysis" methods used during; World War II
to develop solutions to highly complex military problems. The methodology has since been
used in a variety of fields. Systems theory is especially appropriate when there is no known
procedure for reliably addressing a complex problem.7
The importance of general systems theory to SAT is evident when SAT is referred! to as the
"systems approach" rather than the "systematic approach" to training." Systems theory
views any system as being defined by its purpose, process, and content* Purpose, process
and content are ranked hierarchically, with purpose being fundamental to systems thinking.
There is no controversy about identifying the purpose of training as being to ensure that the
trainees acquire the skills, knowledge and attitudes needed to do the job.
Once the purpose of a system has been clearly stated, systems theory men demands
observable performance expectations which will enable the creation of criteria fox
determining how well the system's purpose is being satisfied.9 In the case of providing the
skills, knowledge and attitudes necessary to do a job, an analysis of the job is required to
precisely state the necessary skills, knowledge and attitudes. Thus, job and task analysis is
entailed by the application of general systems theory to the development of training
programs. As will be shown below, this emphasis on analysis is in agreement with the
findings of military psychologists during World War n that task analysis was a key element
in designing effective training for military tasks.10

Montemerlo and Tennyson, Instructional Systems Development, 8
Banathy, Bela H., Instructional systems, (Lear Siegier, JacJFeama Publishers,
1968)4
9

Banathy, 21

10

Robert M. Gagne, "Military Training and Principles of Learning," ire R. Zemke
and T. Kramlinger, Figuring Things out: A Trainer's Guide t® Needs and
Task Analysis, (Addison-Wesley, 1991) 271

The development of performance expectations implies an analysis of the job, its associated
tasks, and the elements involved in learning to perform each task. These functions are
evident in the analysis and design phases of SAT. Criteria from the IAEA which specify the
analysis process include:
Tasks are analyzed to support development of training materials.
The plant-specific task inventory is clearly linked to training material to indicate the current
supporting training programme content for each task.
After the tasks requiring training have been determined, systems theory calls for the
maximum use of existing expertise and knowledge so that as many alternatives as possible
for best achieving the system's purpose may be considered. At this point systems theory will
use all the results of psychological and educational research to choose the optimal training
design, development and implementation. Thus general systems theory and learning theory
come together in the formulation of a systematic approach to training.
It should be noted that general systems theory does not imply a preference for any particular
school of learning theory. In particular, an instructional design based on results from an
information-processing or cognitive learning theory would be just as possible as one based on
a behavioral learning theory. The choice between methods should be based on what seems
most likely to optimally achieve the system's purpose.
The final major systems theory themes employed in SAT are reflected in the emphasis on
monitoring, control and management.11 The management emphasis is evident in such IAEA
criteria as12:
Line management is responsible for the effective training and qualification of their personnel.
The goals of training are clear and are supported throughout the Operating Organization.
The responsibilities and authority of personnel involved in managing, supervising and
implementing training are clearly defined in writing and permit effective control of training
activities.
The control and monitoring themes from general systems theory are most evident in the
evaluation phase of SAT. However, control and monitoring criteria are often included in

11

Dee H. Andrews and Ludwika A. Goodson, "A Comparative Analysis of Models
of Instructional Design," Journal of Instructional Development, 3.3 (1980): 11

12

IAEA, Guidebook for the Evaluation of Training for Nuclear Power Plant
Operations Personnel and its Accreditation, Vienna, 1991

objectives apparently belonging to the analysis, design, development or implementation
phases. Examples of this taken from Ontario Hydro's policy NGD-113, "Divisional
Standards for Effective Training Programs," dated October, 1989 include:
The job-task lists and the tasks selected for performance training are reviewed periodically
and updated to reflect changes in the operating and maintenance documentation.
Training materials are revised to reflect changes in operating documentation of training
program content.
Instructors' performance is periodically monitored and assessed by their supervisors. The
results are fed back to the instructors.
Objectives and Criteria from Learning Theory
The second major basis for a "systematic approach to training" comes from learning theory,
a sub-field of psychology. Learning theory emphasizes the need to provide the optimal
instructional setting to facilitate the type of learning desired. It shares general systems
theory's emphasis on analysis, especially the analysis of the kinds of learning required to
master a task. Criteria calling for the optimal sequencing and grouping of learning objectives
have their origin in learning theory as much as in general systems theory. Results from
learning theory are especially important in the design phase of SAT; thus the design phase of
SAT is relatively well-researched since learning theory is an older field than the other bases
of SAT.13
The extensive use of full and partial scope simulators in the nuclear power industry is a good
example where considerable resources have been expended to ensure the optimal conditions
for learning. Standards for a systematic approach to training typically include separate
objectives for the appropriate use of such instructional settings as classrooms, shops,
laboratories, simulators, and on-the-job training.
IAEA criteria which reflect the influence of learning theory include:
Tasks are systematically selected for initial and continuing training.
Learning objectives are sequenced and grouped appropriately.
The instructor uses instructional techniques appropriate to the learning objectives and lesson
content.
Training activities encourage direct trainee participation in the learning process.

13

Seels and Glasgow, Exercises in Instructional Design, 5

Development of Criteria
Objectives and criteria are written in order to provide guidance and to fix the standards by
which judgements are made. Thus it is essential that the objectives and criteria be worded
unambiguously. The utilities and the AECB must have a common understanding of what is
meant by each criterion so that differences of interpretation are minimized or eliminated.
One method to clarify the meaning of a criterion is to write some explanatory material to
provide guidance to those who are assessing training programs against the criteria. This has
been done by the United States Nuclear Regulatory Commission (USNRC) and was formerly
done by the Institute of Nuclear Power Operations (INPO).
If a common set of objectives and criteria for training programs is to be agreed on jointly by
the AECB and the Canadian nuclear utilities, the criteria must be worded clearly and simply
and deal with subjects and activities that are observable. In many cases, there may well have
to be clarifying statements and examples to ensure that a common understanding of the
objectives and criteria is attained.
Comparison of INFO, IAEA and USNRC Criteria
Much work has already been done by INPO, the IAEA, WANO and the USNRC to specify
objectives and criteria for determining whether a training program is consistent with the
principles of SAT. Fortunately, the similarities between the objectives and criteria developed
by these different organizations far outweigh the differences between the formulations. In
particular, all of these organizations have addressed the five elements of the "generic" SAT
model — analysis, design, development, implementation and evaluation.
There are, however, some differences in how the various organizations have addressed the
five elements of SAT. The IAEA14 has incorporated both the design and development phases
into one objective, while INPO and Ontario Hydro have several objectives which cover
aspects of these two phases. The USNRC has by far the shortest list of objectives and
criteria for evaluating training programs." The NRC standard has only five objectives
(review areas), with much of design, development and implementation incorporated into one
objective. Still, all of these organizations' standards call for analysis of job tasks so that they
can serve as the basis for learning objectives, they all call for the development of training
materials and lesson plans which address the learning objectives, and they all present a
consistent description of the methods which should be used to evaluate and revise training
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Operations Personnel and Its Accreditation, Vienna, 1991

15

U.S. Nuclear Regulatory Commission, Training Review Criteria
Procedures, NUREG-1220, 1992

and

programs. The existing standards should provide an ample basis for the development of a
suitable Canadian standard. The Operator Certification Division of the AECB has
constructed several tables in which objectives and criteria from the various industry standards
are compared. The following table is an example of the type of material developed as an aid
in comparing industry standards.

SAT Element
Development

IAEA Objective

US NRC Objective

Design and Development: Training
materials are developed based on
learning objectives.

Design/Implementation based
on objectives.

Support of Training with Facilities,
Equipment, and Material: The
training facilities, equipment and
materials adequately support training
needs.

Lesson plans are structured to
provide for consistent
presentation, (note: the NRC
does not use the word
development in any of their
review areas, but certain
criteria refer to what is
commonly known as the
development phase of SAT.)

Development and Qualification of
Staff with Training Duties: Training
Staff members (Operating
Organization and contracted, if used)
possess the requisite knowledge,
experience, and skills required to
fulfil their assigned duties.
Implementation

Conduct of Classroom and
Individualized Instruction and Trainee
Assessment.

Design/Implementation based
on Objectives Training is
adequately presented.

Conduct of On-the-Job Training and
Trainee Assessment.

Evaluation of Trainee Mastery
of Objectives.

Conduct of Simulator Training and
Trainee Assessment.
Conduct of Laboratory Training and
Trainee Assessment.
Evaluation

Feedback through a Systematic
Evaluation of Training

Evaluation based on
Performance.

The table shows that the IAEA and USNRC standards may be classified easily in terms of
the five phases of the INPO training model. Ontario Hydro acknowledges that its NGD-113,
"Divisional Standards for Effective Training Programs," is modelled after INPO objectives
and criteria for SAT. Thus one Canadian utility already has a policy which closely follows
the models prevalent in the international nuclear industry. All the Canadian utilities accept
the validity of SAT. Thus the basis for developing a Canadian standard for nuclear
operations training programs seems firmly in place.
The Current Situation
In spite of the world wide effort that has gone into the development and promotion of SAT
since about 1960, there is still a lot of non-systematic, informal, unorthodox training being
done in various areas. This type of training has few or no built-in standards and no
identified means of evaluation or justification except "I did it, so you must do it too." The
true costs of this kind of training cannot be measured but it is always more expensive than
the orderly approach. The wrong people often get trained; the training may be done at the
wrong time; necessary training is left undone; and the ultimate usefulness of the training that
is achieved goes unmeasured.
Benefits of SAT
Clearly, not every problem that arises in a nuclear plant, or any other plant for that matter,
is due to poor training or a lack of training. Training is not a panacea for fixing all the
problems an industry may have. This is well understood by the AECB which also recognizes
that training is never cheap and therefore it must be done well for the industry to satisfy its
goal of cost effectiveness as well as safety. The practical importance and value of SAT is
that it is a proven method for identifying and defining training needs so that unnecessary
training will be avoided, there will be no gaps in the training that is done, and high quality
appropriate training will be given to those who need it, when they need it. The SAT process
is particularly well adapted to producing viable on-the-job training and skills training that will
result in more competent, better employed workers. This is "just-in-time" training at its
best.
The analysis, feedback and evaluation processes inherent in SAT provide ways for involving
plant supervisory staff in all phases of training, thus ensuring that training will be "owned"
by plant management. With this ownership comes the acceptance of management
responsibility and the buy-in that provides for the high quality training that is required to
ensure plant and public safety.
SAT Effectiveness and Application
For SAT to be effective all of the steps of the SAT process must be accomplished in logical
sequence. A thorough front-end analysis of the job and tasks involved must be done to
determine the training needs. Proper design, and the subsequent development of appropriate
high quality training materials are essential. Similarly, the actual training must be done by
competent, well trained staff using suitable facilities. The evaluation process in SAT

provides the feedback from plant management and workers that is required to verify the
results of the training and assure a training program that is responsive to both present and
future needs. A combination of continuing analysis and program evaluation are required to
maintain the training program and ensure currency with respect to changing plant technology
and procedures. All of these steps are equally important for skills training, on-the-job
training and classroom training.
The SAT process is not solely applicable to initial training for normal operating conditions.
It is just as applicable, for example, to continuing training, to diagnostics training using a
full-scope simulator, and to training for response to emergency conditions. In the latter two
cases the front-end analysis and implementation of training have to address both symptom
and event based responses.
The application of SAT should not lead to "paralysis by analysis". A front-end analysis can
take many forms, ranging from purchasing and adapting the results of a needs analysis from
a similar situation, to a complete job and task analysis for the job family concerned. It is
essential, however, to use and maintain the results of that analysis when it is completed. The
best analysis in the world has little value sitting on a shelf unused. As plant conditions
change, the front-end analysis, task list and training materials must all be updated.
Similarly, successful application of SAT requires that all feedback from trainees, trainers,
incumbents and plant supervision be given serious and systematic consideration. SAT is a
tool for maintaining a dynamic training program.
Industry Concerns
Despite their general support for SAT some utility managers have expressed some concerns
relating to its use. These concerns are essentially of the same nature as those relating to the
profitable execution of any business venture. They are not generally linked to the philosophy
of the approach nor to the technical substance of the training programs. Ownership of the
training must lie with the organization that will use it and benefit from it; otherwise the buyin and commitment to quality will not be there. It is essential that management strongly
supports the implementation of the SAT approach. Plant management may delegate the
training process to some other group, but the final responsibility for the competence and
well-being of the workers and the safety of the public, and hence training quality remains
with the licensee. Ultimately SAT is a management tool that will facilitate achieving training
program quality assurance and control. It is probably this feature of the methodology most
of all that should assuage industry concerns over the cost-effectiveness of SAT.
AECB Concerns
It should cause no surprise to learn that the AECB is using a systematic approach in its
regimen of regulatory evaluation of training programs as a means for providing repeatable
and fair evaluations from one utility to the next. Similarly, when moving from one job
family to another within a utility, following a systematic approach ensures that the
evaluations will have a consistent basis. It is a cause for some concern that all Canadian
utilities have not yet fully implemented the SAT process. One utility has established policies

that adhere closely to SAT. Another has recently published a reference document that
identifies SAT as its operative approach to training, but does not yet have a policy
identifying its training objectives nor the criteria to support those objectives. The third has
made a written commitment to move toward SAT in its approach to training. At this time no
Canadian utility has demonstrated that it has a complete SAT process in place and in use for
all of its training.
This state of affairs makes it very difficult for the AECB to apply a standard and fair
evaluation policy to the training being done by the utilities. To apply one utility's training
policy and detailed practices to another utility would seem to be unfair. To evaluate the
training being done at a utility against detailed AECB training objectives and criteria may
also seem to be unfair but some overall standard must be followed. If a utility is not using
acceptable SAT-based training objectives and criteria, the AECB has no option but to impose
its own standards. For this reason alone it would seem to be in the best interest of all the
nuclear utilities in Canada to pursue some form of common SAT policy and practice with
respect to training.
A National Standard
Given the large amount of attention that is being devoted by the utilities and the AECB to the
development and improvement of training programs for nuclear station operations personnel,
it makes sense to capture securely the good results of that work. It is for this reason that this
paper has argued that the establishment of a national training and qualification standard for
nuclear power plant staff merits serious consideration. The American Nuclear Society
published a revised version of such a standard in April, 1993.16
From the perspective of the AECB the combination of a full commitment to SAT, plant
ownership of training and a common training standard for the Canadian nuclear power
industry under the aegis of the Canadian Standards Association (CSA) would seem to be
close to ideal. To that end, in mid 1993, and earlier this year, representatives of the AECB
met with CSA staff to explore the possibility of developing such a standard. At those
meetings attention was drawn to the considerable support and cooperation being provided by
the utilities to the AECB in its activities. The AECB's wish for a CSA Nuclear Operations
Personnel Training and Qualification Standard and the interest of the utilities in the project
was noted. The CSA indicated its preliminary support for a standard, and emphasized the
need for broad industry representation to carry out the work. A formal request to the CSA
for action will be prepared once detailed consultations with the industry are completed.
Since a standard of the type proposed must be applicable to the entire nuclear power industry
in Canada, consideration would also have to be given to training relating to new power
reactor designs such as AECL's CANDU 3, including requirements for the type and extent

16

American National Standard for Selection, Qualification, and Training of
Personnel for Nuclear Power Plants, ANSI/ANS-3.1-1993, (La Grange Park
: American Nuclear Society, 1993)

of training required before a new reactor is commissioned and started up. Also a Canadian
national training standard should take account of existing international standards.
There may be substantial benefits in this enterprise from looking closely at the training
technology and standards used by the airline industry, where safety is held paramount. The
training and qualification parallels between the airline pilot and the nuclear reactor operator
are particularly interesting. Both types of people spend many years in training and both must
meet rigid performance standards. Both are in control of well-designed and very expensive
machinery, both must manage and direct well trained crews, and both have responsibility for
safety quite literally "in their hands". There may well be some lessons that the nuclear
power industry could learn from the airline industry.
The form that eventually evolves for a consensus Canadian standard will require a significant
amount of deliberation on the part of the Canadian nuclear power industry and the AECB.
No matter what form the standard eventually takes, it must be such as to embrace the entire
SAT process. It must facilitate consistent, high-quality, economically feasible training, it
must accommodate the evolution of future training methods and systems, and it must include
and protect the role of the regulator to assure safety. The intent has to be to provide for
clearly-defined safety-related training objectives and criteria for nuclear operations personnel.
Summary
l

The following four assertions summarize this paper:
1. SAT is firmly rooted in general systems theory which provides a well-tried and proven
method for dealing with complex problems in an orderly manner.
2. SAT is a training method that currently provides the best means of achieving logical,
necessary, assessable, standardized training.
3. The AECB is committed fully to SAT, and will continue to seek the application of SAT
through its training evaluation regulatory regimen.
4. A CSA nuclear operations personnel training standard, based on SAT, would benefit the
utilities, the regulator and the public.
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Figure 1: The five elements of SAT
Taken from INPO 84-032, this model of SAT describes each of the five elements of SAT
and emphasizes the feedback aspects of a closed training loop.
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Taken from an internal document of the Public Service Commission (Canada)
Training Programs Branch, this approach to SAT stresses sponsor involvement, ie
plant ownership of training. At each step of the process, the sponsor approves the
results. Although the wording differs slightly from the classic INPO model, in that
the Conduct phase includes development and implementation, the five phases of SAT
are present Evaluation and feedback are stressed throughout the model.
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Figure 3: A Systematic Approach to Training
This "Nuclear" perspective of SAT, produced by the Training Programs Evaluation Section
of OCD/AECB, assembles the five elements of SAT into three major groups.
Program evaluation is shown encompassing the entire process to stress the need for
continuous evaluation.
The inner ring illustrates various forms of implementation.
The "nucleus" includes analysis, design and development and also shows the supportive
elements required to achieve a systematic approach to training.
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1.

Abstract

As part of systematic interdiffusion studies of fuel-cladding compatibility in the Integral
Fast Reactor, a solid-solid diffusion couple was assembled with U-22PU-231 Zr fuel and
HT9 2 cladding and annealed at 650*C for 100 hours. The couple was examined for
diffusion structure development using a scanning electron microscope equipped with an
energy dispersive x-ray analyzer (SEM-EDX). Point-by-point and Imescan analysis was
used to generate composition profiles and diffusion paths. From the composition profiles,
average effective interdiffusion coefficients were calculated for individual components on
both sides of the Matano plane. Results from this investigation indicate that the same types
of phases as would be expected from binary U-Fe, Pu-Fe, and Zr-Fe phase diagrams
develop in this couple; and U and Pu are the fastest diffusing fuel components and Fe is the
fastest diffusing cladding component Compared with diffusion couples with binary (UZr) fuel, the addition of Pu greatly enhanced the extent of diffusion and affected the types
of phases observed.
2.

Introduction

Argonne National Laboratory is currently developing an advanced liquid metal reactor
termed the Integral Fast Reactor (IFR). This reactor is powered using a U-Pu-Zr alloy
housed in stainless steel cladding. Under typical reactor operating conditions, the
temperature of a fuel element can reach 600 to 650'C, and over time the fuel will swell and
contact the cladding. Subsequently, fuel and cladding components interdiffuse and form
multiphase diffusion structures. These structures could possibly affect the structural
integrity of the cladding and, as a result, it is important to study the compatibility of fuel
and cladding in IFR fuels.
Previously, diffusion studies have been performed between binary fuel material (U-23Zr)
and cladding alloys [1,2] and between fission product materials and cladding alloys [3].
This paper reports the results of a recent diffusion experiment between a ternary U-22Pu23Zr fuel alloy and HT9, a martensitic stainless steel cladding that is favored for use with
IFR fuels. The experimental diffusion structure and diffusion path for this couple will be
presented and discussed in the light of the relative diffusion behavior of the various
All compositions are in atom percent unless otherwise noted.
HT9 is a stainless steel with the following composition in wt.%: 12Cr, IMo, 05Ni, 0.5W, 03V, 0.25Si, 0.2Mn,
0.2C, bal Fe.

elements and the intermetallic phases that develop in this couple. Moreover, average
effective interdiffusion coefficients, calculated from concentration profiles on each side of
the Matano plane, will be presented and discussed. Finally, the diffusion structure
development for this couple will be compared to that seen for a U-23Zr versus HT9 couple
reported in [2].
3 . Experimental
Since the U-22Pu-23Zr fuel alloy is radioactive and toxic, all work including sample
preparation, polishing, diffusion couple assembly, annealing, and analysis was performed
in plutonium gloveboxes. Specimens were prepared by cutting 0.3 cm long pieces from
rod stock, and grinding and polishing each piece through 1 \an immediately prior to
diffusion couple assembly. The polished samples were stacked in a Kovar jig that
consisted of two Kovar endplates and three threaded Kovar rods. The assembly was then
placed in a furnace under a helium atmosphere for annealing at 650°C for 100 hours.
Kovar steel was chosen for the jig because of its low coefficient of thermal expansion (5.27
x 10-6/°C), keeping the samples in contact during the annealing. The couple was quenched
with fresh helium. The jig was mounted and cut using an cut-off wheel to expose sections
parallel to the direction of diffusion. Reference standards and ZAF correction factors were
used for SEM/EDX quantification of the compositions of the major alloying elements.
Both line-scan and point-by-point analyses were utilized to generate concentration profiles
and a diffusion path. Based on these results, average effective interdiffusion coefficients
were calculated for individual components on both sides of the plane of mass balance (the
Matano plane).
4 . Results
4.1

Diffusion Structure, Concentration Profiles, and Diffusion Path

The diffusion structure developed for the U-22Pu-23Zr versus HT9 couple is presented in
Figure 1. The phases identified in the structure can be Telated, by composition, to phases
based on binary U-Fe, Pu-Fe, and Fe-Zr phase diagrams [4], as listed in Table 1. The
intennetallic designations for specific phases in the diffusion structure are ratios of
concentrations of (U+Pu+Zr) to (Fc+Cr). Elements are listed in parentheses in order of
decreasing concentration. Labels a, b, c, d, e, and f are used to define an experimental
diffusion path, which will be described later. On the cladding side of this diffusion
structure, (U,Pu,Zr)(Fe,Cr)2 appears as a single-phase, 150 jim-wide layer. Adjacent to
this layer is a narrow two-phase layer where (UJPu,Zr)6(Fc,Cr) is the matrix. This layer is
probably a mixture of (U,Pu,Zr)(Fe,Cr)2 and (U,Pu,Zr)6(Fe,Cr). Towards the fuel side
of the diffusion structure, three two-phase layers are observed: one with matrix of
(Zr,U,Pu)(Fe,Cr)2 and precipitate of (U,Pu,Zr)6(Fe,Cr), another with matrix of
(U,Pu,Zr)6(Fe,Cr) and precipitate of (Zr,U,Pu)(Fe,Cr)2, and another with matrix of
(U,Pu,Zr)6(Fe,Cr) and precipitate of (Zr,U)(Fe,Cr). Finally, three phases have been
identified adjacent to the U-22Pu-23Zr alloy, namely a (U,Pu,Fe) phase rich in Pu, a
(U,Pu,Zr,Fe) phase, and (Zr,U)(Fe,Cr) precipitates. The overall width of the diffusion
structure is approximately 700 urn. Although this sample was annealed at only 650*C, the
structure is over thirty times wider than one reported for a U-23Zr versus HT9 couple
annealed at 700*C for 96 hours [2], which had a 20 |im-wide diffusion structure with
fewer intermetallic phases. The U-23Zr versus HT9 couple developed a UFe2 type of

phase in addition to U-rich and Zr-rich phases. In contrast, the U-22Pu-23Zr versus HT9
couple developed additional phases, including the U6Fe, Zr2Fe, and ZrFe types of phases.
The concentration profiles based on SEM-EDX data for the U-22Pu-23Zr vs. HT9 couple
are presented in Figure 2a. In the multiphase regions, line-scans perpendicular to the
diffusion structure were used rather than spot readings to produce average concentration
values at a given position along the diffusion zone. Of the cladding components, Fe
penetrates deepest into the fuel; Cr extends only to approximately 500 \im. Of the fuel
components, U is found in the highest concentration toward the cladding. Both Pu and Zr
are observed to have approximately 2 at.% solubility in the (U,Pu,Zr)(Fe,Cr)2 phase.
Those phases with high concentrations of U, like (U,Pu,Zr)(Fe,Cr)2, have
correspondingly low concentrations of Pu.
An experimental diffusion path for the U-22Pu-23Zr versus HT9 couple is presented in
Figure 3. It is based on the concentration profile and corresponds to the sequence of
compositions within the diffusion zone. Diffusion paths are S-shaped when the
compositions are plotted on a composition triangle and are independent of time since all
concentration variables are considered to be functions of the Boltzmann parameter, X, given
x
by —j=. Since this couple has 5 major components, the sum of the concentrations of Fe
Vt
and Cr is taken as one concentration variable as is U plus Pu. The path segments crossing
two-phase regions are represented by bold dashed lines, while path segments in singlephase regions are identified by solid lines. Thin dashed lines indicate schematic tie-lines
for two-phase regions, and shaded areas represent approximate ranges of composition for
single-phase regions. Path segment a-b represents a single-phase (U,Pu,Zr)(Fe,Cr)2 layer
adjacent to a two-phase layer consisting of (U,Pu,Zr)6(Fe,Cr) as the matrix and
(U,Pu,Zr)(Fe,Cr)2 as the precipitates. Segment c-d passes through the single-phase
(Zr,U,Pu)(Fe,Cr)2 layer. Segment d-e cuts across four two-phase layers: the first layer
consists of (Zr,U,Pu)(Fe,Cr)2 as the matrix and (U,Pu,Zr)6(Fe,Cr) as the precipitates, the
next layer consists of (U,Pu,Zr)6(Fe,Cr) matrix and (Zr,U,Pu)(Fe,Cr)2 precipitates, the
next layer contains (U,Pu,Zr)6(Fe,Cr) matrix and (Zr,U)(Fe,Cr) precipitates, and the final
layer consists of (U,Pu) matrix and (Zr,U)(Fe,Cr) precipitates. Finally, e-f cuts across a
three-phase region where the three phases include: a (U,Pu,Fe) phase rich in Pu, a
(U,Pu,Zr,Fe) phase, and (Zr,U)(Fe,Cr) precipitates.

4.2

Average Effective Interdiffusion Coefficients

Onsager's formalism of Fick's Law [5] relates the interdiffusion flux of component i, Jit
to the (n-l)2 interdiffusion coefficients, D-j, in the following manner:
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where —— is the concentration gradient of component j . In most cases, D^s
are functions
J
dx
of composition, and the superscript n refers to the component taken as the dependent
concentration variable. For a system with n^3 components it is necessary to employ

independent diffusion couples with intersecting diffusion paths [6,7] to determine Djjs
from Equation (1). This can be particularly difficult for a system with n i 4 components.
As described by Dayananda [8,9], J, can be alternatively defined as:
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The second term containing the cross interdiffusion coefficients in Eq. (3) accounts for the
diffusional interactions among the diffusing species. For an isothermal diffusion couple
with initial terminal alloy compositions of Cj(-°°) and Cj(+°°) and annealing time t,
interdiffusion fluxes can be calculated from concentration profiles using the following
relation [10,11]:
<i«lA...,n) f

(4)

where xo is the Matano plane. Integration of J, over x from +°° to x o results in the
following equation:
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Substitution of Eq. (2) in Eq. (5) yields:
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where O ^ is the average effective interdiffusion coefficient for component i over the
concentration range Q(-o°) to Q(xo) on the left-hand side of the Matano plane. Similarly
an average effective interdiffusion coefficient bf^ for component i can be found over the
concentration range Q(+<») to Cj(xo) on the right-hand side of the Matano plane. These
coefficients describe interdiffusion behavior in a region of the diffusion zone accounting for
all elemental interactions.

Root-mean-square (r.m.s.) penetration depths can be determined for component i on either
side of the Matano plane The r.m.s. penetration depth X^L to the left of the Matano plane
can be calculated from:
(7)
A similar relation is used to find XJR, to the right of the Matano plane.
Interdiffusion fluxes for each component i have been calculated using Equation (5) for the
U-22Pu-23Zr versus HT9 couple and are presented as a function of distance in Figure 2b.
Positive fluxes denote interdiffusion from left to right in corresponding diffusion
structures, and the opposite is true for negative fluxes. Near 500 \im, Pu exhibits a zeroflux indicating a position in the diffusion structure where Pu reverses its flux direction.
This is called a zero-flux plane (ZFP), which have been reported for other multicomponent
systems [7,8].
On the basis of Equations (6) and (7), average effective interdiffusion coefficients and
penetration depths have been calculated both on the cladding and fuel side of the Matano
plane for the U-22Pu-23Zr versus HT9 couple. They are presented in Table 1. bfrfuel was
not calculated since the denominator in Equation (6) was very close to zero for Zr.

5. Discussion
The diffusion layers that develop in the U-22Pu-23Zr versus HT9 couple (see Figure 1)
contain phases that are similar to those listed in Table 1 on the basis of binary phase
diagrams. Since U and Pu form similar phases with Fe, one would expect these phases to
develop in this couple, and in fact the (U,Pu)Fe2 and (U,Pu)6Fe types of phases do form
on the cladding side of the diffusion structure. On the other hand, Zr intermetallics develop
on the fuel side of the diffusion structure. This implies that the fastest diffusing fuel
elements towards the cladding are U and Pu. Due to the low concentration of Pu in the
(U,Pu)Fe2 phase, U seems to be a faster diffuser than Pu. Of the cladding elements, Fe is
the fastest diffuser towards the fuel since only Fe intermetallics are observed in the
diffusion structure. The only possible Cr intermetallic, ZrCr2, did not develop in the
diffusion structure since Cr is never present in high enough concentrations.
The flux profile in Figure 2b reflects the appearance of a zero-flux plane (ZFP) for Pu on
the fuel side of the composition profile at approximately 500 \im for the U-22Pu-23Zr
versus HT9 couple. This is a specific position in the diffusion structure where the flux
direction for Pu changes, and this type of behavior may reflect a positive deviation from
Rauolt's Law for Pu and U toward the fuel side of the diffusion structure. Therefore
adjacent to the terminal fuel alloy, where U is a much faster diffuser than Pu, the U
diffuses quickly towards the cladding leaving behind a Pu-rich region. Generally
speaking, U and Pu do not both appear in high concentrations in any phases, except very
close to the unreacted fuel. Most phases that are rich in U are depleted in Pu and vice
versa.
The interdiffusion behavior of the various elements can also be appreciated with the aid of
the diffusion path presented in Figure 3. The path segment a-b lies almost parallel to the
(U,Pu)-cladding side of the composition triangle, indicating very low Zr concentration

levels. This implies that the interdiffusion of U and Pu dominate the cladding alloy side of
the diffusion couple. On the other hand, the diffusion path segments on the fuel side of the
couple passes through intermetallic phases typical of those that can form between Zr and
Fe, showing that Zr interactions dominate the intermetallics on the fuel side of the diffusion
structure.
The average effective interdiffusion coefficients reported in Table 2 reflect the diffusion
behavior of the elements on either side of the Matano plane. For the fuel elements, £>fclad
values are of particular interest since they describe interdiffusion behavior on the cladding
side of the Matano plane. Since D$clad is larger in magnitude than either D^^ or i>fr>clttd,
U is a faster diffuser on a laboratory fixed frame of reference towards the cladding and
exhibits a larger depth of penetration. Similarly, Dfefuel is larger than Df?^,, and as a
result, Fe is a faster diffuser on a laboratory fixed frame of reference than Cr on the fuel
side of the Matano plane.
Comparing the diffusion structure for this couple and the one reported in [2] for a U-23Zr
versus HT9 couple, one observes a large difference in diffusion zone widths. The
U-22Pu-23Zr versus HT9 develops a 700 \im wide diffusion structure at an annealing
temperature of 650°C for 100 hours compared to the 20 jim wide diffusion structure
observed for the U-23Zr versus HT9 couple, which was annealed at 700°C for 96 hours.
Apparently, the presence of Pu in a U-23Zr versus HT9 couple affects the activities of fuel
and cladding components in such a way as to increase the amount of interdiffusion. Even
at a lower annealing temperature, the U-22Pu-23Zr versus HT9 couple developed a much
larger structure with more intermetallic phases. Therefore, based on this investigation, the
presence of Pu will likely change the compatibility of fuel and cladding in IFR fuels,
neglecting the influence of fission products, over what is observed for binary fuels. Larger
diffusion structures should develop, and some of the types of phases may be linked to
available binary phase diagrams.

6. Conclusions
Based on results from an interdiffusion study employing a U-22Pu-23Zr versus HT9
couple annealed at 650°C for 4 days, the following conclusions are made:
1.

The diffusion structure for the U-22Pu-23Zr versus HT9 couple exhibits the same
types of phase as would be expected from binary U and Fe, Pu and Fe, and Zr and Fe
phase diagrams, except for the (Zr,U)(Fe,Cr) and Pu-rich phases. These phases
include: (U,Pu,Zr)(Fe,Cr)2, (U,Pu,Zr)6(Fe,Cr), and (Zr,U,Pu)(Fe,Cr)2.

2.

U and Pu dominate intermetallic formation with cladding components on the cladding
side of the diffusion structure; Zr interactions with cladding components dominate the
fuel side of the diffusion structure.

3.

Based on the average effective interdiffusion coefficients, U and Pu are the fastest
diffusing fuel components on the cladding side of the diffusion structure. Fe is the
fastest diffusing cladding component on the fuel side of the diffusion structure.

4.

The presence of Pu in a U-22Pu-23Zr versus HT9 diffusion couple increases the
number of observed phases and size of developed diffusion structure vis-a-vis a U23Zr versus HT9 couple.
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Table 1. Possible intermetallic phases for various binary combinations from phase
diagrams [4].
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Table 2. Average effective interdiffusion coefficients D*^ and Dfm and effective
penetration depths xiL and xiR for the U-22Pu-23Zr versus HT9 couple
annealed at 650*C for 100 hours.
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Figure 1. SEM micrograph showing the diffusion structure developed for the U-22Pu23Zr versus HT9 couple after annealing at 650°C for 100 hours, a, b, c, d, e,
and f correspond to path segments on the experimental diffusion path.
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1.0

BACKGROUND

The fuel bundles in CANDU reactors are modular assemblies consisting of 37 pencils
(13 mm dia x 495 mm long) which are held in a pattern by the endplates, so that coolant can
flow between the pencils (see Figure 1). The pencils contain the UO2 fuel and the fuel
bundle weighs about 20 kg. Pads on the pencils provide support for the bundle as it resides
in the pressure tube of the fuel channel.
The pressure tube (PT) is a thin walled Zr-Nb tube designed to support the fuel horizontally
and axially against the flow drag, and to retain the high pressure, high temperature coolant.
There are 480 horizontal fuel channels in the Bruce and Darlington reactors. See Figure 2.
During routine UT inspections of the inside of some pressure tubes at Bruce B, and later at
Darlington, some indications of fret marks on the PT were found. Examination of the fuel
bundle pads, and later detailed molds of the marks, confirmed that they were fret marks

caused by the movement of the fuel pads relative to the PT.
The fretting is mainly at the inlet bundle positions, at the burnish mark of the rolled joint and
a few inches further inboard at the midplane bearing pad position of the inlet bundle.
Typical patterns are shown in Figure 3.
In the majority of channels, at the start of life, the upstream end of the inlet bundle is
supported by the spacer sleeve, as shown in Figure 4 and a bearing pad does not contact the
burnish mark. However, as the channel creeps, the inlet bundle moves relative to the spacer
and eventually that support is lost and the bundle becomes supported by the next row of
pads as they engage the burnish mark (Figure 5). Note that the design of fuel channels in
the CANDU 600 Mw reactor is different and this 'abnormal' support condition never
exists.
2.0

DATA COLLECTION

Information on pressure tube fretting has been obtained with a variety of methods, including
CIGAR (Channel Inspection and Gauging Apparatus), PIPE (Packaged Inspection Probe)
surface molds taken in reactor, optical inspections, examination of tubes and bundles
removed from the reactors, and the results of many simulation experiments to investigate
fretting.
In the last eight years CIGAR has been used for 673 full or partial length ultrasonic
inspections. PIPE has been used to inspect almost 170 pressure tube rolled joints in Bruce B
and more than 100 Darlington tubes since 1993. PIPE, a tool designed to quickly inspect the
R/J area of pressure tubes, has yielded a large data base for the investigation of pressure tube
fretting. The data obtained using the latest PIPE improvements can characterize frets as
shallow as .02 mm in depth.
To assist in the assessment of fret marks deeper than 0.15 mm, replicas of the pressure tube
surface have been made and measured to determine the root radius of frets. An optical
inspection tool is being developed to perform these root radius measurements in reactor.
Knowledge of the root radius is essential in assessing pressure tube integrity.
To understand the root cause of fretting, extensive measurements of pressure, vibration and
the displacement of fuel and end fittings have been made both in-reactor and in out-reactor
loops.
Fuel bundles discharged from the reactors are inspected in the fuel storage bays for signs of
fretting. Over 1000 bundles of different manufacturers types have been identified as having
full surface bearing pad wear. New and irradiated bundles have been measured to determine
element bow, and bundle deflection in various conditions of support. The bow of new fuel
elements has been measured at more than 0.6 mm. Test equipment is under development to
measure the load, vibration and deflection of fuel bundle elements under simulated reactor
conditions.

3.0

OBSERVATIONS

The following general observations have been noted as a result of the analysis of the reactor
fret data, testing in the lab, and measurements of bundle response:
The fretting is worse at the inlet, (bundle position #1) decreasing towards the outlet,
until it almost totally disappears at bundle position #13.
The worst frets occur at the burnish mark of the inlet rolled joint.
Significant fretting can also be caused by the midplane bearing pad of the inlet
bundle. This can be independent of burnish mark fretting.
Most bundles do not create a significant fret. However, due to the many bundles
which pass through each channel, eventually all channels could have fret marks
greater than 0.15 mm, if allowed to continue.
The pattern of fretting around the circumference of the pressure tube is random in
nature, but there is a predominance of midplane marks at the 4 o'clock and 8 o'clock
positions. The same bundle can create frets at 4 and 8 o'clock.
Higher flows tended to create more severe burnish mark fretting, suggesting that
turbulence is important (Figure 6). However this turbulence by itself does not appear
to generate the depth of fretting observed in the reactor.
A small number of channels which are believed to have high acoustic pressure pulses
(above 40 kpa), have significantly more fretting than 'non-acoustic' channels.
The flaw depth is not dependant on operating days or residency time, suggesting the
frets reach their depth limit before the shortest residency time of about 70 days (see
Figure 7). This suggests a decreasing fret rate with time, stopping at some limit.
It appears that acoustic pressure pulses created through amplification of pulses by the
PHT pumps may play a role in most channels.
The majority of channels have a depth limitation of about 0.3 mm.
Channels which have experienced cracked end plates (which is caused by high levels
of acoustics) generally have fret depths greater than 0.3 mm.
For the majority of channels the limiting depth is of the same order of magnitude as
the bow of elements around the bundle circumference. This suggests the depth limit
is related to the geometry of the bundle.
Gross bundle motion is about 25 micro meters RMS (as measured in the lab).

Free pencil vibration is also about 25 micro meters RMS and occurs independent of
gross bundle motion.
Peak motions can be 2 to 3 times RMS motion.

4.0

FRETTING MECHANISM

Almost all significant pressure tube fretting at fuel bundle bearing pads has been observed at
the inlet end of fuel channels at either the burnish mark location or at the inlet bundle
midplane. This discussion addresses only these fretting modes. The following hypothesis
seem to fit the data quite well, but confirmatory tests are planned, as outlined in Section 5.
Burnish Mark Fretting
The deep fretting of the pressure tube rolled joint area is caused almost exclusively by the
gross motion of the fuel bundle due to large scale turbulence at the inlet end of the fuel
string. Support of the fuel on the spacer sleeve reduces the response of the inlet fuel
bundle to the flow and moves the location of fretting from burnish mark to the spacer sleeve,
a non pressure boundary component.
Midplane Fretting
Three factors appear to contribute to fretting of pressure tube at the fuel bundle midplane;
fuel element bow, flow turbulence and acoustic pressure pulsations. Individual fuel elements
in a new condition can be bowed by up to 0.6 mm. An outward bow of 0.6 mm causes an
interference force between the midplane bearing pad and the pressure tube up to about 4N.
Coolant entering the channel vibrates the fuel as it passes through the inlet bundle; the
energy in this random turbulence increases with flow rate and decreases as the flow passes
through the first bundle. Fuel elements vibrate at their natural frequency of 30 Hz with an
amplitude of up to 25 jtm RMS. Vibration energy at this amplitude is expected to cause a
pressure tube wear depth of 10 to 20 fim in a single fuel residency. Since observed wear
depth is up to 0.3 mm in the majority of channels, random flow turbulence does not explain
the observed fretting.
The 150 Hz acoustic pressure pulses provide another forcing function which appears to match
the second mode natural frequency of irradiated fuel elements. This second mode vibration
combined with first mode vibration could cause motion of the midplane bearing pad at
increased contact loads by reducing the friction coefficient between the pad and the tube. At
150 Hz and loads of up to 4 N, fret depths could be between 150 and 300 urn; this range
accounts for a large percentage of frets observed in Bruce fuel channels.
Selective resonance of fuel elements and variations in pad loading could explain the
apparently random occurrence of deep midplane frets in only one out of seven fuel
residences. Element natural frequency must closely match the pressure pulsation to exhibit
strong second mode resonance. The absence of deep fretting in the Darlington fuel channels
since conversion to 7 vane impeller pumps might be explained by the mismatch between the

210 Hz pulsation and the resonant frequency of the fuel (see Figure 8). As well, if the load
on a particular pad is too high the pad motion may be damped out. The pad load will
depend on the bundle geometry and the radial position of that pad with respect to its
neighbours.
5.

CONFIRMATORY TESTS

At the present time, the above hypothesis has not been verified, although it fits the
observations well. A series of tests are planned in the short term to confirm the general
hypothesis. A more detailed program is planned in the long term to quantify the parameters
involved more accurately. The short term tests are as follows:
1.

Measurement of a sample of loads between the pads of the bundles and the pressure
tube.

2.

Pencil vibration tests to determine what load will stop the pencil movement (and
hence fretting), for the flow induced motion. This will confirm if flow turbulence
alone is enough to cause the depth of fretting observed, or if acoustic pulses are
required in the majority of channels.

3.

6.0

Complete dimensional characterization of some bundles followed by a test in a flow
rig to determine which pads will fret, the load under those pads and the bundle
geometry associated with the fretting.
CORRECTIVE ACTIONS

Several steps are being taken to eliminate or mitigate pressure tube fretting from the inlet
fuel bundle.
At Bruce B and Darlington, fuel bundles which are 0.5" longer than standard are being
included as part of the fuel string to increase the string length and position the inlet bundle
such that;
a)

Bearing pads do not contact the rolled joint burnish mark, hence fretting at the
burnish mark is eliminated.

b)

The upstream bearing pads are supported on the Spacer Sleeve. This reduces
the degree of freedom of the upstream end of the inlet bundle compared to the
upstream bearing pads being in the rolled joint cavity.

At Bruce B and Bruce A, a flow straightener is being added to the Inlet Shield Plug. Whilst
the primary reason for this is to reduce the gap between the inlet fuel bundle and the shield
plug, the flow straightener does reduce inlet bundle vibration. It is expected that a marginal
reduction in pressure tube fretting will be realized as a result of this.
At Bruce B, there is evidence of a small population of channels in which fretting is

particularly enhanced by high acoustic pressure pulses emanating from the primary heat
transport pumps at the pump vane passing frequency. Specific "acoustic" solutions are being
evaluated for these channels. These include; modifying shield plugs to reduce acoustic
amplitudes, increasing feeder lengths etc.
Removal of the inlet fuel bundle is being considered at Bruce A, that is reducing the fuel
string length from 13 to 12 bundles. This removes the fuel bundle from the inlet rolled joint
region, eliminating burnish mark fretting. However, reactivity insertion following a large
inlet LOCA limits the allowable fuel string gap. Therefore, removal of the inlet fuel bundle
can only be achieved by also reversing the fuelling direction. Fuelling with flow places
unirradiated fuel at the inlet and current indications are that this may also reduce the depth of
fret marks.
A design change to increase the fuel bundle bearing pad corner radius is currently being
evaluated in an in-reactor and laboratory test program. The objective of this change is to
increase the root radius of the fret marks, hence reducing the stress concentration factor
associated with a fret mark. Depending on the results of analytical and experimental
investigation into the fretting mechanism, there may also, in the longer term, be other design
changes to the fuel bundle which would mitigate fretting.
7.0

SUMMARY/CONCLUSIONS

Some fretting has been observed between the fuel bundle bearing pads and the pressure tubes
at Bruce B, and to a lesser extent at Darlington and Bruce A. Such fretting has not been
observed in any of the CANDU 6 reactors.
Both turbulence and acoustics appear to play a role in exciting the bundles as an assembly
and in exciting individual pencils. A hypothesis for the detailed mechanism will be
confirmed by test.
Solutions which will eliminate the more severe fretting at the burnish mark are nearing
implementation at Bruce B. Other solutions for further reducing the level of fretting are
being pursued.
8.0
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ABSTRACT
Several empirically-based models of fission product release, recently developed at various
laboratories for severe reactor accident conditions, have been compared to the measured
cesium release from Light Water Reactor fuel in the VI series of experiments performed at
the Oak Ridge National Laboratory. The models under consideration treat the underlying
process of release by first-order kinetics or by classical diffusion theory. In addition, a
state-of-the-art approach using an artificial neural network is evaluated.
1. INTRODUCTION
The first step in the assessment of the consequences of a potential nuclear reactor accident
is the determination of the fission product behaviour and activity release by the fuel (i.e.,
source term estimation). Both in- and out-of-pile tests conducted in the United States,
Canada, and France have investigated this release from uranium dioxide fuel.1"4 These tests
have provided data to benchmark sophisticated codes such as FASTGRASS,5 VICTORIA,6
and FREEDOM,7 that describe the mechanisms of the transport and release of fission
products. Empirically-based models containing the underlying physical phenomena have
also been successfully employed, for ease in computation, to predict the release
behaviour.8'9
In this paper, several empirical fission product models that are applied to Light Water
Reactor (LWR) fuel are reviewed. These models treat the governing mechanism of release
by first-order kinetics (CORSOR-M10), diffusion theory (CORSOR-Booth," ORNL
Diffusion Model,8 and RMC-CRL Diffusion/Fuel-Oxidation Model412), or with an artificial
neural network (ANN) structure13 that includes the combined non-linear effects of time,
temperature and atmosphere. In the present analysis, the model predictions are compared to
cesium data obtained during the recent VI series of annealing tests performed at the Oak
Ridge National Laboratory (ORNL).8
2. EXPERIMENTAL
Tests conducted at ORNL involved the annealing of 15-cm sections of high-burnup LWR
fuel in a vertical induction (VI) furnace (see Figure 1) to temperatures of up to 2467 °C.

These tests were carried out in either a hydrogen or steam environment at atmospheric
pressure. The fuel sections were cut from full-length rods such that the fission product
inventory and distribution were representative of the average. Zircaloy end caps were
fabricated and press-fit onto the fuel specimens
to prevent any loss of fuel during handling. A
small 1,6-ram hole was drilled at the mid-length
of the section to permit gas release during
heating. Release data for the relatively-volatile
cesium isotopes (134Cs and 137Cs) were observed
using gamma ray spectrometry techniques in VI
tests 2, 3, 4, and 5. Unfortunately, an equipment
failure resulted in a reduction in the amount of
useful data from the earlier VI-1 test. A
summary of the experimental conditions is given
in Table 1.8
(frcrr recircyiattoi SvSier-,

Figure 1.

Vertical induction furnace used in
ORNL tests (taken from Ref. 8).
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Table 1. Summary of the Vertical Induction (VI) Tests at ORNL8
Test

Pre-test Irradiation Conditions

Experimental Conditions

Fuel
Type

Burnup
(MWd/kgU)

Grain
Radius (cm)

Temperature (°C)
(time at temperature)

Environment
(flow rate in 1/min at STP)

VI-1

Oconee

40

4.6 x 10"

1137 (20min), 1747
(20 min),
2027 (20 min)

steam (1.54) and helium (0.4)

VI-2

BR3

44

6.0 x 10"

2027 (60 min)

steam (1.54) and helium (0.3)

VI-3

BR3

42

6.0 x 10"

1727 (20 min),
2427 (20 min)

steam (1.6) and helium (0.6)

VI-4

BR3

47

6.0 x 10"

1387 (23 min),
2167 (20 min)

hydrogen (0.4) and helium
(0.4)

VI-5

BR3

42

6.0 x 10"

1347 (10 min),
1742 (20 min),
2467 (20 min)

hydrogen (0.4) and helium
(0.4)

3. MODEL DESCRIPTION
The various semi-empirical models used for the prediction of the fission-product cesium
behaviour are briefly described below.

3 1 CORSOR-M
The cumulative fractional release fin the CORSOR-M model is calculated for time t as:10
/ = 1 - exp(-fc)

,

(1

where k is an empirically-based first-order rate constant:

k = kexp(-QfT}

.

(2

The fitted parameters for cesium were evaluated as k0 - 3.33 x 103 s'\ and Q = 3.21 x 10"
K, based on release data from experiments performed at ORNL prior to 1980.1415 Since the
temperature T (in Kelvin) varies during the annealing experiments (see, for example, Figure
2), k is also time-dependent, and the term kt must be replaced by the dimensionless variable
xk (see Appendix A.I):
t

= fk(t)dt' = S

In Eq. (3), At is a short time-step at constant temperature.
3.2 Booth Diffusion Model
In the idealized "grain-sphere" diffusion model developed by Booth,16 the cumulative
fractional release for isothermal experiments conducted out-of-pile is given as:

/-I

±y±ex

l-n^D't)

(4)

71 n = \ fl

where the empirical diffusion coefficient D' (s 1 ) is related to the classical diffusion
coefficient D and the grain radius a by D' = D/a2.
For ease in computation, Eq. (4) can be approximated as:
(5)
/ = 6{D't/n)112- 3D't for D't ± 0.1
or

/ = 1 - — e^0'^

for D't > 0.1

Since the diffusion coefficient is time dependent (as a result of the changing test
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temperature), the quantity Dt in Eq. (4) is replaced by TD (see Appendix A.2):
(7)

TD = fD(t)dt' =
3.2.1 ORNL Diffusion Model

The ORNL Diffusion Model uses Eqs. (5), (6) and (7) to calculate the fractional release.
For cesium, the diffusion coefficient was derived by a fitting of the model to the VI release
data as:8
(8)
5

4

D = 7.63xl(T exp(-3.73xl0 /r)

2

cm s"

1

.

This expression is intended for fuel with a burnup of between 38 and 44 MWd/kgU.
3.2.2 CORSOR-Booth Model
In the CORSOR-Booth calculation, the fractional release is based on a diffusion mechanism
as given in Eqs. (5) and (6); however, it is limited by the rate of gas-phase vapour
transport." As in the ORNL Diffusion Model, fission product holdup in the tunnel
interlinkage or in the fuel-to-sheath gap is not considered explicitly, but it is accounted for
in the empirical diffusion coefficient.I8 Following release from the solid fuel, the fission
product vapour must cross a boundary layer before entering the bulk gas flow surrounding
the fuel elements.'' Under the conditions of the VI tests, this additional hold-up is not
important for the cesium species, so that diffusion remains the rate-determining mechanism.
In this model, the cesium diffusion coefficient was fit to the earlier series of Horizontal
Induction (HI) tests at ORNL (i.e., HI-1 to 6),19 as well as to the VI-1 to 3 test series:
(9)
D = 2.5xl(T 3 exp(-4.58xlO*/r)

cm2 sl

.

3.2.3 RMC-CRL Diffusion/Fuel-Oxidation Model
This physically-based model was developed at the Royal Military College (RMC) and is
based on fission product release and fuel oxidation experiments at the Chalk River
Laboratories (CRL). The model also makes use of the Booth diffusion treatment of Eqs.
(4) to (7), but it is generalized to account for the oxygen potential of the atmosphere and
the state of fuel oxidation.412 Under oxidizing conditions, the stoichiometry of the fuel will
change, which has a significant effect upon the diffusion coefficient (and hence the
release).4 In UO2+X, the composite diffusion coefficient for cesium is shown to depend on
intrinsic diffusion and enhanced vacancy production where DCs = 4 DNoble and:12'20

(10)
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2
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x
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cm

s

where x is the stoichiometry deviation in UO2+X, s is the atomic jump distance (~3 x 10"8
cm), j v = 1013 exp(-2.77 x 104/T) s\ S = exp(~-7.39xlO4/T), and Fo = exp(-3.58xlO4/T).
The value of x will typically increase as the fuel becomes oxidized (e.g., in a steam
atmosphere). This oxidation process occurs through a surface-exchange reaction at the fuel
surface and proceeds towards an equilibrium value of xe(t) for a given temperature and
atmospheric condition at time t according to the expression:12
dx/dt = (ctS/V)[xe(t) - x(t)]

,

where a is the surface exchange coefficient (= 0.365 exp(-23500/T) m/s for 1073 K <T<
1873 K 2122) and S/V is the surface-to-volume ratio of the solid (-490 m"1 for the LWR fuel
specimens, excluding any surface roughness). In the present analysis, the fuel was assumed
to be initially stoichiometric (i.e., x(0) = 0). Subsequent values of x were calculated with a
first-order Taylor series expansion where dx/dt is calculated from Eq. (11) such that:
(12)
x(f+Af) = x(t)+(dxfdt) At

.

The equilibrium value of the stoichiometry deviation, xe, is calculated by equating the
oxygen potential of the solid with that of the gas mixture in the fuel-to-sheath gap.12 The
oxygen potential of the solid, AG02 (in kJ/mol), is a function of the stoichiometry deviation:
x) - AS O2 (x)(r/10 3 )

,

where the thermochemical parameters AHOl (in kJ/mol) and ASOl (in J/mol -K) are given by
the quadratic expressions:n
(x) = -501.9+(7.392xl0 4 )x-(5.779xl0 6 )x 2 ,
= -249.1 -849.5x+(2.779xl0 3 )x 2 ,
3

6

4

0.007<x^ 0.1625,
4

2

= -695.8+(4.737xl0 )x-(1.402xl0 )x ,
4

0^0.007,
x>0.1625,

2

= -118.1+(3.175xl0 )x-(3.224xl0 )x ,
= -3.698xl0 2 -(1.270xl0 3 )x + (3.568xl0 3 )x 2 ,
= -333.4 +(3.066xl0 3 )x-(1.016xl0 4 )x 2 ,

x>0.1625.

Alternatively, the oxygen potential in the fuel as a function of x can be described by the
Blackburn model23 or by the solid solution representation of Lindemer and Besmann.24 The

oxygen potential of the gas mixture is determined from the partial pressure of oxygen pO2
(in atm):
AGOi = RT]n(pO2)

,

that, in turn, can be estimated from the law of mass action:25

pO2 = [(pH2O/pH2)exp(AGo/RT)Y

,

where AG° = -250.8 +57.8(T/103) kJ/mol and R = 8.314 xlO"3 kJ/mol-K. In this analysis,
the ratio of the partial pressure of steam to hydrogen (pH2O/pH2) was conservatively
estimated from the bulk-stream conditions in the furnace at the mid-point of the fuel
specimen:12
PH2O/pH2

= '"

'"

x ln

"

x

(18)

where RH20 is the inlet steam rate (Table 1) in mol/min, and R^ is the measured rate of
hydrogen production at the outlet of the furnace (mol/min) (see Figure 3). The hydrogen
produced during the steam tests (VI-1, 2, and 3), resulted from two main sources: (i) the
Zircaloy-steam reaction, and (ii) the steam that had bypassed the furnace chamber and
subsequently reacted with the graphite susceptor (Figure I).26 Thus, xe is calculated by
equating Eqs. (13) and (16).
As previously demonstrated, diffusion appears to be the main source of release until the
stoichiometry deviation of the fuel exceeds a value of x ~ 0.1, beyond which a second
process of release may occur, as suggested by recent experiments at the CRL.412 This more
rapid release is described by first-order kinetics and may be due to a release from the grain
boundaries. However, Figure 3 shows that during the steam VI tests, a value of x ~ 0.1 is
not expected to be reached, considering the very conservative assumptions used in the
analysis (see Section 4). This result is a direct consequence of the lower oxygen potential
due to hydrogen production from the various sources.
In a hydrogen atmosphere (i.e., for tests VI-4, 5), the stoichiometry deviation remains zero
and, in this case, intrinsic diffusion dominates in Eq. (10).
3.3 ANN Model
An artificial neural network (ANN), developed at the Royal Military College, was based on
data from the ORNL VI tests 2 to 5. The complete data set was split into a training
portion, used to establish the connecting weights, and a test set to determine the success of
the model for conditions not seen in training. The process is analogous to that used in the
development of a similar model for PHWR CANDU fuel.13
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In a neural network, the raw input data is first mapped into an input space, and then
introduced into the network. The input variables and their range of values used in the
training and test sets are shown in Table 2. The network itself is an interconnection of
nodes or processing elements (sometimes called artificial neurons) that are arranged in
layers (Figure 4). The Input Layer contains a node for each variable, with each complete
set of variables describing a specific input vector. For example, each measured value of
cumulative fractional release has a corresponding vector of measured experimental
parameters. In addition to the input variables, the Input Layer also contains a bias node
which is permanently assigned a value of 1 and is analogous to an electrical ground. Its
presence was found to aid in the convergence of the network during training.
Table 2. Artificial Neural Network Input Space
Node Number

Variable (v,)

Range
Minimum (m )

Maximum (M|)

-1871

10490

Temperature (K)

450

2754

4

Rate of Temperature Change (K/s)

-1.79

1.64

5

Steam Flow Rate (1/min)

0

1.6

6

Hydrogen Flow Rate (1/min)

0

.4

7

Helium Flow Rate (1/min)

.3

.6

2

Time above 1000°C (s)

3

Each node in the Input Layer is connected to each node in the next layer, which is usually
called the Hidden Layer. The Hidden Layer provides a means to model the inherently nonlinear phenomena involved in the fission product release process. The scaled (mapped)
input values each have a weight applied to them before the values are introduced into the
Hidden Layer. At each hidden node, the weighted inputs are summed and then applied to a
hyperbolic tangent transfer function (i.e., threshold function) before being passed on to the
Output Layer. This process is similarly repeated at the Output Layer. The outputs of this
latter node are then mapped back into real physical values.
The network used to model the VI tests featured a 6-4-1 architecture and was modelled on
a modified back propagation paradigm that employed an optimization method of steepest
descent.13 Thus, the network had six input nodes (2 to 7) (with one bias node (1)), four
hidden nodes (8 to 11), and one output node (12) that represented the cumulative fractional
release of cesium (see Figure 4). Back propagation refers to the learning rule used to adjust
the connecting weights to achieve convergence and optimization of the predicted fractional
release onto the measured training data set (see Reference 13).
For the scaling of the input variables, the following equation was used:
x

=

i

< + "*>

(M. - m.)

(19)

Table 3. Artificial Neural Network Connection Weights, wjt and wtj.
Source
Node

Destination
8

9

10

Node
11

1 (bias)

-0.200971

-0.04093 i

-0.073220

0.970939

2

-0.976129

0.074259

1.131708

-1.658143

3

-3.371101

0.194903

0.794475

1.400599

4

0.685125

-0.247273

0.050668

1.426997

5

-1.025179

-0.019391

-0.769750

-0.222681

6

1.004117

0.083085

0.779826

0.208884

7

0.684817*

-0.156288

0.486594

0.839186

12
-0.268060

8

-0.654966

9

-0.261231

10

0.685270

11

-0.663864

* As a typical example, this number corresponds to the weight wg 7 shown in Figure 4.

where x( is the scaled i* input value, v( is the unsealed i"1 input value, Mj is the maximum
value of the range of the i* input, and m; is the minimum value of the range of the i* input
(see Table 2). The scaled inputs have the appropriate connecting weights applied (Table 3).
These weighted outputs become the inputs for the nodes of the Hidden Layer:

h= £

(20)

where Ij is the sum of the weighted inputs to the j " 1 hidden node, and w^ is the connection
weight between the j * hidden node and the i* input node. A transfer function is then
applied to Ij to produce the output Vj of the j * hidden node:
yj = tanh/ ; ..

(21)

This process is similarly repeated for the output node:
li

h

=

(22)

where Ik is the sum of the weighted inputs to the output node, and wkj is the connecting
weight between the output node and the j * hidden node (or the bias node) (Table 3). The
scaled output z from the output node is given by:

z = tanh/ t .

(23)

This output value must then be mapped back to provide a real value for the cumulative
fractional release f. In fact, this process is essentially the reverse of the initial scaling
described in Eq. (19), although it is simplified by only having to consider the mapping of
one variable, i.e., z to f. This mapping is accomplished with the evaluated relation:
/ = 0.62644z + 0.50116 .

(24)

Thus, f is the predicted value of cumulative fission product release corresponding to the
specific physical input vector defined by v2, v3 ... v7. The present ANN can, in fact, be
considered as a multi-dimensional database of the ORNL test results that is capable of
interpolation (within the varied test conditions) for use in any general accident analysis.
The procedure outlined above lends itself particularly well to incorporation into a
spreadsheet which can be driven by a macro. It can also be incorporated into computer
codes to provide real-time determination of the cumulative fractional release of cesium,
which is typical of volatile fission products.8
4. DISCUSSION
A comparison between the measured and predicted values of the fractional release of
cesium has been performed for VI tests 1 to 5. Figures 2(a), (b) and (c) show the measured
fractional release of cesium during tests VI 1 to 3 that were conducted in steam. The
predictions of the ORNL and CORSOR-Booth models are comparable, and are in good
agreement with experimental results, indicating that a diffusion mechanism can be used to
explain the release kinetics. However, the exactness of the fit is a result of the tuning of
the diffusion coefficient (D) to the data. The strength of the RMC-CRL model, on the
other hand, is that it uses an independently-determined diffusion coefficient. The RMCCRL model over-predicts the fractional release when fuel oxidation effects are considered
but is comparable to the other diffusion-based models if fuel oxidation is ignored (i.e.,
when x = 0 all of the diffusion coefficients are similar). The RMC-CRL model is in fact
able to bound the release data. This result therefore suggests that limited fuel oxidation
occurred in the steam tests for the following reasons:
1.

A significant amount of steam bypassed the fuel and reacted with the graphite
susceptor, producing hydrogen and carbon monoxide (see Figure 1), which may have
led to a lower oxygen potential of the test atmosphere.26

2.

The small hole at the mid-length of the fuel pins may have resulted in limited mass
transport of steam into the fuel-to-sheath gap early in the tests. The oxidized
claddings, although brittle and partially fractured, still provided a physical barrier to
the steam.8 The bulk atmosphere outside the fuel rod provided an overlyconservative estimate of the actual oxygen partial pressure in the gap. A significant
convective flow also occurred in the gap from the volatile fission product release
that may have inhibited steam penetration; i.e., the water vapour had to diffuse

against the bulk countercurrent volatile and non-condensible (hydrogen) flow. 27
Figures 2(d) and (e) provide a comparison of the measured fractional release of cesium with
the model predictions for the hydrogen tests VI-4 and VI-5. In these latter tests, the
Zircaloy cladding melted at about 1830°C and ran down the fuel specimens (in contrast to
the steam-atmosphere tests where the fuel specimens remained intact).8 The three diffusionbased models (RMC-CRL, ORNL and CORSOR-Booth) give similar results and
underpredict the measurements. This is especially apparent in the VI-4 test, where a
combination of loss of cladding support and the partial reduction of the UO2 fuel by molten
Zircaloy (liquefaction) resulted in a collapse of the fuel column after ~56 minutes. This
fuel degradation may have expedited the release of fission products that the models are
specifically unable to predict. Furthermore, the VI-4 test used higher-burnup fuel of 47
MWd/kgU that is outside of the suggested range of Eq. (8) for the ORNL model.
For both hydrogen and steam conditions, the CORSOR-M model consistently overpredicts
the fractional release behaviour. The ANN model, in contrast, is in very good agreement
for VI tests 2 to 5. The predictions for test VI-1 (Figure 2(a)) are also in good agreement
considering that no VI-1 data were included in the training set. Further, since the overall
VI data set is small, the use of the ANN model as an analysis tool may not be reliable for a
particular transient outside of the narrow test conditions (which, of course, may also be the
case for some of the other models that are tuned to this data). In addition, it is felt that,
due to limitations in the portion of the data used for training (more data was available for
temperature ramp-up and isothermal phases than for cool-down), the ANN model is valid
only for increasing or constant temperature conditions. It is not recommended for use
during cool-down (when, in fact, there is virtually no increase in the observed fission
product release beyond the isothermal stage). These deficiencies of sparse and incomplete
data can be addressed in a manner similar to that used for the PHWR CANDU fuel model,
where performance of the ANN model was found to be greatly enhanced over the whole
input space by artificially expanding the data in the training set.13
5. SUMMARY
Five recent models of fission product release have been compared using fractional release
data for cesium from the ORNL VI tests 1 to 5. The diffusion-based models CORSORBooth, ORNL and RMC-CRL (x=0) reasonably predict the measured data for tests
performed in both hydrogen and steam. When fuel oxidation effects are considered, the
RMC-CRL model provides an upper-bound estimate of the fractional release and suggests
that limited oxidation occurred in the ORNL steam tests. The diffusion models slightly
underpredict the release behaviour in the hydrogen-atmosphere tests; for instance, the
fission product models do not explicitly consider any enhanced release resulting from fuel
liquefaction and degradation. The earlier CORSOR-M model consistently overpredicts the
fractional release. Finally, the empirical artificial neural network is able to reproduce the
release kinetics well during the heatup and isothermal portions of the tests. In contrast to
the other models, however, the ANN model does not consider the physical processes
involved except through the choice of the input parameters (e.g., temperature, time, rate of
temperature change and atmosphere).
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APPENDIX A: RELEASE MODEL FOR NON-ISOTHERMAL CONDITIONS
A.I First Order Kinetics
The fractional release given by Eq. (1) for the CORSOR-M model is the solution of the
first order rate process:

f = *<!-/> .

^

at
where the time-invariant coefficient k is given by:
k = koexp(-Q/T)

.

(A.2)

If k should change with time (as a consequence of the temperature history), Eq. (1) is no
longer valid. However, by a suitable change of variable

(A-3)

Eq. (A.I) can be rewritten as

M. = i _f

<A-4>

,

for which the solution of the fractional release is:
/-i-«*-,,>

<A 5)

.

-

For short time steps at constant temperature (in this application, measurements were made
with a time step of At « 1 min), the integral in Eq. (A.3) may be approximated by the
rectangular-integration rule:
', . .
<
Tk = Jk(t)dt' * S k(1\t))At

(A.6)
.

A.2 Diffusion Model
Equation (4) is obtained as a solution to the diffusion equation:
dC/dt = DV2C

(A.7)

where D is a constant. If, however, D is allowed to vary with time, a similar change of
variable can be made as in Eq. (A.6):17

xD = fD(t)dt' = $>(7T())A

and the diffusion equation reduces to
(A.9)
The solution is again of the form of Eq. (4) where the quantity Dt is replaced by TD (see
Eq. (A.8)), as previously proposed in Reference 8.

CA9600948
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1.

ABSTRACT

A model is presented to describe the transport behaviour of gaseous fission products along the
axial fuel-to-sheath gap of a failed fuel element to the coolant system. The model is applicable
to an element having failed under normal operating conditions or loss-of-coolant-accident
conditions.
Because of the large differences in operating parameters, the transport characteristics of gaseous
fission products in a failed element under these two operating conditions are significantly
different. However, in both cases the transport process can be described by convection-diffusion
of fission products in a flowing gas-steam mixture. The bulk-flow convection of the mixture is
caused by the continuous release of fission products from the fuel to the gap.
Under normal operating conditions, the bulk-flow velocity is found to be negligible due to the
low release rate of fission products from fuel. The process can be well approximated by the
diffusion of fission products in a stagnant gas-steam mixture.
The effect of convection on the fission product transport, however, becomes significant under
loss-of-coolant-accident conditions, where the release rates of fission products from fuel can be
several orders of magnitude higher than that under normal operating conditions. The convection
of the mixture in the gap not only contributes an additional flux to the gas mixture transport, but
also increases the gradient of fission products concentration across the opening and therefore
increases the diffusion flux to the coolant.
As a result of the bulk flow, transport of fission products along the gap is accelerated and the
hold-up of short-lived isotopes in the gap is significantly reduced. Steam ingress through the
opening into the gap is obstructed by the bulk flow, resulting in low steam concentrations in the
gap under loss-of-coolant-accident conditions.
2.

INTRODUCTION

A breach in the sheath of a fuel element can occur during normal operating conditions (NOC),
as the result of a defect such as due to stress corrosion cracking. A fuel element can also fail
during a postulated loss-of-coolant-accident (LOCA), as the result of high-temperature failure
processes, such as sheath over-straining.

When an opening is formed in the sheath, a leak path exists for the escape of gaseous fission
products (FPs) that have accumulated within the element, to the primary heat transport system,
and at the same time, for the ingress of coolant into the fuel-to-sheath gap. Under NOC the
coolant is initially high-pressure water, which is vaporized to steam once it enters the gap and
contacts the hot fuel. During a LOCA, the coolant is in the form of low-pressure steam.
Depending on the size of the opening and on the thermal and hydraulic conditions, the entering
steam can locally oxidize the inner sheath surface as well as the fuel. This can in turn result in
changes in the thermal properties of the gap, fuel and sheath, as well as in the enhanced release
of FPs as the fuel oxidizes. Thus, knowledge of the timing and extent of FP release to the
coolant system and steam ingress into the element is important in the assessment of fuel
behaviour during both NOC and high-temperature conditions.
The transport of gaseous FPs from the fuel element to the coolant system, together with any
steam ingress, can be divided into two stages. Immediately following the formation of the
opening, the element internal gas pressure will rapidly approach the coolant pressure, either by
pressurization (for a defected element under NOC) or by depressurization (for a failed element
during a LOCA). The transfer of FPs and steam during this brief transient period is governed
by the pressure drop across the opening, and can be approximated using isentropic or isothermal
models [1]. The second stage, which is discussed in this paper, refers to the consequent
transport of a FP-steam mixture along the fuel-to-sheath gap in the absence of a significant
pressure difference between the fuel-to-sheath gap and the coolant.
Lewis [2] developed a model for the steady-state transport of FPs from a defected fuel element
under steady-state NOC. In his treatment, the mechanism of FP transport in the gap is assumed
to be by atomic diffusion of fission gases in a stagnant bulk steam environment, governed by:

(1)
where C is the local concentration of a FP species in the gap; X is the radioactive decay constant;
D is the diffusion coefficient in the fuel-to-sheath gap; and R/\s the FP release rate from the fuel
to the gap, which is assumed constant. Predictions of this model are reported to be in excellent
agreement with experimental data for a wide range of defect states.
In general, atomic diffusion is not the only mechanism governing the transport of FPs along the
gap. As FPs are continuously released from the fuel, an excess pressure is built up in the gap,
causing a bulk-flow of FPs along the gap toward the opening. The magnitude of the bulk-flow
velocity depends largely on the magnitude of the release rate of FPs from fuel. Because under
steady-state NOC, the release rate of fission gas from the fuel to the gap is small, the convection
term can be neglected, as implicitly assumed in Equation (1).
Although the Lewis model is well suited to describe FP transport under NOC, it cannot be
applied to describe the time-dependent FP transport along the gap of a failed element during a
LOCA. Under such conditions the release rates of FPs from the fuel can no longer be assumed
constant spatially and temporally and, more importantly, they can be several orders of magnitude
higher than those under NOC. As well, other parameters, such as gap gas temperature and gap
width, are significantly different during LOCA conditions than during NOC, and consequently
result in markedly different transport of FPs along the gap.
In this paper a unified model, applicable to both a defected element under NOC and a failed
element under LOCA conditions, is presented.

3.

TRANSPORT MODEL

Consider a failed fuel element with a single opening located at one end, as shown in Figure 1.
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Figure 1. A defected fuel element with a single opening located at one end ( z=0 ).
The transport of FPs along the gap is considered as a process of diffusion of FP species in a
moving gaseous mixture of fission gas and steam. The bulk-flow of the mixture is caused by the
continuous release of FPs from the fuel. Because the length of the element is much longer than
its diameter, both diffusion and bulk-flow convection are considered one-dimensional along the
element axis. Any variation in the local gap width is accounted for by a local porosity, which
is defined as the ratio of local to average width.
The mass fraction of an isotope in the gap is calculated by solving the convection-diffusion mass
conservation equation for this isotope [1]:

l(p€X)x [ P € X«o|(pc X )](S r px)

(2)

where t is time, z is axial position and
X(t,z)
D(t,z)
p(t,z)
e(t,z)
u(t,z)
Sj(t,z)
X

=
=
=
=
=
=
=

mass fraction of the isotope in the gap,
diffusion coefficient of the isotope in the mixture,
density of the mixture, varies with local temperature and composition,
local porosity of the gap,
bulk flow velocity,
volumetric release rate of the isotope from the fuel, and
decay constant of the isotope.

With the opening located at z = 0, the boundary conditions are:
X ! <i=0)=0-0;
ope" e n d *s a perfect sink for FPs,
dx/dz I ( 1 = u =0.0; no mass transfer at the closed end, and
u | u = L ) =0.0;

zero flow velocity at the closed end.

Assuming that the mixture is incompressible and behaves as an ideal gas, the convection velocity
of the mixture can be estimated from the mixture continuity equation:

(4)

where S, is the total volumetric release rate of all the FPs from fuel. If we further assume that
the gap flow is adequately described by laminar flow between parallel plates, the pressure
gradient along the gap is related to the flow velocity by:
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where 5 is the local gap width, /x is the gas mixture viscosity and p is the gas excess pressure
defined by p = (Pj,,-p0); p 0 is the coolant pressure.

To estimate the mixture gas density, which depends on mixture composition and temperature, the
gas in the gap is considered as a mixture consisting of only two species: steam and fission gas
as a whole. By doing so, the molecular weight of the fission-gas-steam mixture can be calculated
as:

M

m

"

"*

where:
Mm
M,
M,
Xt

=
=
=
=

molecular weight of the mixture,
molecular weight of the fission gas,
molecular weight of steam, and
mass fraction of fission gas mixture in the gap.

The mixture density is then calculated from:

P=

(6)
RT

where:
p0
T
R

=
=
=

system pressure,
local gas temperature, and
universal gas constant.

The diffusion coefficient of fission gas (or a particular isotope) in the fission-gas-steam mixture
is calculated from Chapman-Enskog kinetic theory [3] as:

1,8583 xlQ-yr^l/Af,* I/A/J

where
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diffusion coefficient (mVs),
molecular weight of the isotope of interest (kg/kmol),
molecular weight of the gas mixture (kg/kmol),
gas pressure (atm),
gas temperature (K), and
molecular potential energy parameter = 3.2 A.

The mass fraction of each isotope along the gap can be obtained from the solution of Equations
(2-7). The mass fraction of steam in the gap at any time t and at any axial location z can then
be determined from:

Equations (2-8) are solved numerically using a finite-control-volume method [4]. The Power
Law method of Patankar [4] is used to approximate the convection-diffusion terms in Equation
(2). Time derivatives are estimated using the Crank-Nicholson scheme, which is second-order
accurate in time. Because the mixture density varies both spatially and temporally, iteration is
required to converge the solutions during each time step. For reasonably small time steps (less
than 1 second), the overall solution converges within a few iterations.
4.

APPLICATION

The model was applied to simulate F P transport along the gap to the coolant for both a defected
element under NOC, and a failed element under LOCA conditions. The two simulations were
both initiated with steam conditions in the gap to provide a common basis for assessing the F P
transport response for the two sets of conditions. Two species, stable gas and Xe-138, are taken
as examples, to show the transport behaviour of long-lived and short-lived FPs along the gap.
The element used in the computations is a single CANDU element, 0.5 m in length and
containing 0.53 kg of UO 2 , with a single opening (a defect or a failure rupture) located at one
end of the element. For demonstration purposes, constant release rates and gap conditions were
assumed in calculating the results presented here. The model, however, can handle varying
operation conditions and various initial conditions. To show the effect of the convection term,
computations for each case were repeated, with the convection term suppressed by setting the
gas bulk-flow velocity equal to zero.

The operating parameters used in the calculations are:
Gap
temperature
(K)

Gap gas
pressure
(MPa)

Gap
clearance
(jim)

Defected element
under NOC

600

10.0

20

Failed element
under LOCA

1373

0.5

200

Release rate
of stable
gases from
fuel (g/s)
3.298 10"*
3.31 10^

The above parameters were obtained using results from the CANDU fuel performance codes
ELESIM [5] and ELOCA [6], which simulate the behaviour of an element under NOC and
postulated LOCA conditions, respectively.
Figure 2 shows the response of release rate of the stable gas from a defected element under
NOC. When the defect is formed, the high-pressure coolant enters the element through the
opening, so that the element gap is initially filled with coolant. Although fission gases are
continuously released at a constant rate from the fuel, it takes a long time for the release to the
coolant to reach the same rate, regardless of whether convection is considered or not. A similar
trend is indicated in Figure 3 for Xe-138. The hold-up of the short-lived isotope in the gap,
represented by the difference between the asymptotic values of the release rate from the fuel and
that to the coolant, is also unaffected by the convection term.
Figures 2 and 3 indicate that under NOC, the contribution of the convection term to the release
rate is negligible, compared to the diffusion term. The excess pressure and bulk-flow velocity
are found to be of the order of 1 Pa (at the closed end of the element) and l ^ m / s (at the
opening), respectively, which explains the insignificance of the convection contribution under
NOC. After a long period, the release rate predicted by the model converges to a value that is
in excellent agreement with the steady-state exact solution of Lewis' model (Equation (1)), as
indicated in Figure 3.
The convection contribution, however, becomes important under LOCA conditions, as shown in
Figures 4 and 5. In the case of long-lived FPs, it takes about 9000 s for the release rate to the
coolant to reach the value of the release rate from fuel, if only the diffusion term is considered.
This transient period is reduced to about 200 s when both the diffusion and convection terms are
taken into account, indicating that the convection term significantly accelerates FP transport along
the gap (Figure 4).
For short-lived isotopes (e.g., Xe-138), not only the transient period, but also the hold-up of the
isotopes due to decay in the gap, are reduced significantly (Figure 5). In this computation, the
maximum excess pressure and flow velocity are calculated to be the order of 100 Pa and 1 cm/s,
respectively. Although significantly accelerating the transport of FPs in the gap, the values of
excess pressure and flow velocity are sufficiently small to justify the assumption of
incompressible gas flow.
There are two aspects of the effect of the gas bulk flow on FP transport:
1. it contributes an additional gas flux to the gas release to the coolant, and
2. results in a steeper fission-gas concentration profile near the opening, as shown in
Figure 6, and thus increases the diffusion flux to the coolant.

The above indicates that the gas bulk-flow contribution must be considered in the estimation of
FP release to the coolant from a fuel element that has failed under LOCA conditions.
An additional LOCA simulation was done starting with 100% FPs in the gap, which is more
representative of actual initial conditions. Figure 7 shows the release response for conditions
where the release rate from the fuel is specified to be initially high and then to drop down to a
relatively low value. The highest release rate to the coolant is calculated to occur at t = 0, since
the mass concentration gradient of the fission gas near the opening is highest then. After about
15 s, the release rate to the coolant approaches that from the fuel.
Figure 8 shows that the mass fraction of steam in the gap is negligible during the initial high
release period, and remains low even during the relatively low release period that follows. This
is because diffusion of steam into the gap is counteracted by the bulk-flow of the FP-steam
mixture to the coolant.
5.

SUMMARY AND CONCLUSIONS

A convective-diffusive model has been developed and applied to simulate FP transport along the
gap of a defected element under NOC and a failed element under LOCA conditions. The results
of the simulations lead to the following observations and conclusions:

6.

1.

Under NOC, the release rate of FPs from the fuel is low, leading to a negligible bulkflow velocity. Hence, the process is dominated by diffusion.

2.

Under LOCA conditions, the release rate of FPs from fuel can be several orders of
magnitude higher than that for NOC and hence the process can be dominated by
convective transport. The hold-up of short-lived isotopes is decreased significantly due
to the bulk-flow convection. The convection of the gas mixture effectively obstructs
steam ingress into the element. Except around the site of failure, the steam
concentration in the gap remains low.
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1.0

INTRODUCTION

Early in the design of the Bruce type stations it was recognized that the rolled joint geometry
of the pressure tube could lead to an 'abnormal' fuel bundle support situation with the
potential for possible fretting of and damage to the pressure tube rolled joint burnish mark.
All three stations have experienced pressure tube fretting although the degree is different for
each station.
End plate cracking of the outlet fuel bundle was first observed in Darlington. Since then
there have been approximately 13 cracked end plates found in Bruce B but none in Bruce A.
At Darlington, three problems occurred - end plate cracking of outlet fuel bundles, severe
fretting wear damage to the 13th inlet bundle outboard bearing pads while on the spacer
sleeve, and severe midplane fretting of the pressure tube by the 13th bundle. The primary
cause of the cracking at Darlington was established to be acoustic pressure pulses at the
PHT pump vane passing frequency (150 Hz). Switching to seven vane pump impellers
eliminated end plate cracking, the severe bundle outboard pad wear, and is expected to
reduce fretting at the midplane bearing pad of the fuel bundle. It has been concluded that
150 Hz acoustics is also the cause of the end plate cracking in Bruce B.
To address the Bruce end plate cracking and fretting concerns a fuel channel pressure tube
investigation team was assembled to investigate both the causes and possible solutions.
Several investigations were initiated as follows:
acoustic modelling of Bruce B to determine if cracking and fretting prone channels
could be predicted.
thermal hydraulic studies to assess the impact of reactor operating parameters on
fretting or acoustic channels in which the end plate cracking was occurring.
measurement of the vibration of the end fittings to determine if acoustic channels
could be detected by this effect.
pressure tube fretting mechanisms study to investigate the mechanisms causing fretting
investigations into the cause(s) of endplate cracking.
Along with these investigations, a program of investigating and developing solutions was
initiated:

changing from 5 to 7 vane pump impellers
different fuelling schemes, such as fuelling with the flow in a 12 bundle channel
changes to the inlet and outlet shield plugs
development of a fuel string support device, a 'creep compensator'
development of an improved fuel bundle
In January 1993, a decision was made to change from 13 to 12 bundle fuel channels in Bruce
B and Darlington reactors so as to eliminate fretting of the burnish mark by the 13th bundle.
In March 1993, during detailed safety and licensing assessments for the 12 bundle channels,
it was discovered that the gap which exists between the inlet shield plug and the inlet to the
fuel string, Figure 1, would lead to an unacceptable power pulse in the event of an inlet
header break in which the fuel is rapidly shifted towards the inlet of the channel. In the case
of all Bruce reactors, the gap, even without the inlet bundle removal, was also found to be
unacceptable. All Bruce reactors were derated to 60% FP, a safe operating condition, and
the implementation of 12 bundle channels fuelled halted. The Darlington reactors do not
suffer from the power pulse problem providing the inlet gap is maintained at approximately
the current design value.
Two immediate major problems then arose:
(1)

A new solution had to be found to inlet bundle fretting.

(2)

A solution to the power pulse following an inlet header break had to be found. A
solution to this problem was urgent because of the loss of generating capacity
resulting from derating of 8 Bruce Units.

It was decided to pursue 3 primary solutions to both problems;
(1)

A fuel string mix of standard and 0.5" longer than standard fuel bundles in
combination with a flow straightening inlet shield plug (FSISP).

(2)

A creep compensator, installed between the fuel latch and bundle #1, in combination
with a flow straightening inlet shield plug (FSISP).

(3)

Fuelling with flow (FWF), 12 bundle channel.

Solutions (1) and (2) are "gap management" solutions which;
a)

Reduce the gap at the inlet to the fuel string to reduce the power pulse.

b)

Position the outboard bearing pads of bundle 13 on the spacer sleeve such that the
inboard pad cannot contact the rolled joint burnish mark and cause burnish mark
fretting.

c)

Reduce inlet bundle vibration and hence, (to some degree) reduce fretting damage, by

reducing flow turbulence at the inlet fuel bundle.
With fuelling with the flow, the power pulse problem is non-existent as negative reactivity is
introduced to the core in the event of an inlet header break and a 12 bundle channel solution
to inlet bundle fretting is possible.
2.0

INVESTIGATIONS

The investigation aspect of the program aimed at understanding the fretting of the pressure
tube and the end plate cracking of the fuel bundles and which channels in the reactor were
susceptible.
2.1

Pressure Tube Inspections

A large of number of inspections for fretting at the inlet end of the channel have been
completed at Bruce A, Bruce B, and Darlington. Frets requiring disposition have been found
at each station, with about 3/4 of the channels exhibiting frets £_ 0.15 mm deep in the Bruce
B units. These inspections have shown that the fretting problem exists at each station but is
less severe at Bruce A in terms of the number of dispositional frets.
Inspections performed at Darlington units 3 and 4, with the initial fuel charge and up to 135
pump running days, have indicated that unirradiated fuel at the inlet end (bundle position 13)
appears to result in a lower level of fretting in comparison to fretting damage from irradiated
fuel which is shifted into position 13 during the fuelling process.
A large part of the inspection program has involved replication of fret marks to obtain
detailed information on fret geometries (particularly fret root radii) for assessment purposes.
The following sections include a brief summary of significant inspection observations from
each station.
Bruce A NGS
frets observed in most channels inspected,
maximum fret depth observed is 0.30 mm.
minimum fret root radius observed is 0.10 mm.
fret depth distributions bounded by Bruce B data.
Bruce B NGS
frets observed in almost all channels inspected,
maximum fret depth observed is:
0.35 mm for general population of tubes; and
0.55 mm for "acoustically active" channels (those in which cracked
end plates have been observed),
minimum fret root radius observed is 0.08 mm.

Darlington NGS
frets observed in most channels inspected,
maximum fret depth observed in D1/D2 is 0.26 mm.
maximum fret depth observed in D3/D4 is 0.08 mm.
2.2

Fuel Inspections

Since the discovery of endplate cracks following the Darlington Unit 2-N12 fuelling incident
during late 1990, over 1780 bundles from 827 channels have been inspected. All the cracks
occurred before the installation of the 7-vane pump impellers.
Since mid-92, approximately 450 bundles from 313 channels discharged from all four Bruce
B units have undergone an underwater visual inspection as part of the Bruce B endplate
cracking investigation. A total of 13 bundles from 7 channels were found to have endplate
cracks. Bruce-B endplate cracks exhibit similar features to the Darlington cracks in terms of
location, propagation and type. This implies a similar mechanism caused the failures at both
sites i.e. fatigue failure of the endplates caused by the 150 Hz acoustic pulses from the PHT
pumps.
2.3

Modelling

The objective of the modelling effort was to assess to what extent acoustic pressure loading,
imposed on the HT system by the HT pumps, at their vane-passing frequency of 150 Hz,
was a contributor to the fuel bundle and PT damage problem.
The key features of the modelling effort were
(1)

ABAQUS numerical acoustic modelling of the HT system, to compute the acoustic
pressure loading in the system and,

(2)

ABAQUS numerical coupled acoustic-structural modelling of the PT and fuel string
regions to estimate the displacement response of fuel bundles .

Key Observations:
Evidence gathered through the modelling program indicated that the 150 Hz. acoustic
pressure loading imposed on the HT system by the HT pumps is a major contributor to the
fuel bundle/PT damage problem.
Estimates of fuel bundle displacement response indicate the following.
(1)

Fuel bundle displacements, from the acoustic pressure, tend to increase with power.

(2)

The channels known to have experienced fuel bundle end-plate cracking and/or severe
fretting of PT at the inlet fuel bundle location tend to be the channels showing the

higher fuel bundle displacement response at the higher power conditions under HT
pump operation.
Other Important Conclusions:
The following conclusions have been reached with respect to the system response to 150 Hz.
acoustic pressure loading imposed by the HT pumps:
(1)

The Bruce B "double volume, single discharge" HT pumps, as 150 Hz acoustic
pressure sources, exhibit a "quiet" operating region around 240°C (HT system
temperature).

(2)

Beating between the pressure waves emanating from the two HT pumps feeding the
same headers accounts for the fluctuation of acoustic pressures measured over a wide
range of values at a given system condition.

(3)

The maximum response of the outer zone reactor inlet header, (RIH), is around 25-30
kPa, 0-peak, over the full reactor power range. The maximum response of the inner
zone RIH increases with power from around 10 kPa, 0-peak, at zero power condition,
to around 17 kPa, 0-peak, near full power condition.

2.4

Reactor Acoustic Pressure and Laser Measurements

A reactor measurement program was developed for Bruce B Unit 6 to determine source
levels for 150 Hz pressure pulsations in the outer zone RIHs, and to identify acoustically
active fuel channels. Peak RIH 150 Hz pressure pulsation amplitudes over the operating
range of interest (zero power hot (ZPH), to 60% full power) were on the order of 20 to 25
kPa (0 to peak), well below the 35 to 40 kPa observed at Darlington during 5 vane impeller
operation.
Laser vibrometry surveys successfully identified acoustically active fuel channels through
monitoring the vibration of fuel channel inlet end fittings. Fuel channels with known
endplate cracking histories (S22, K24 and D08) appeared in the top 30 ranking of the 240
west face inlet end fittings that were surveyed.
This information and the results from the modelling program are being used to assist in
directing ongoing pressure tube inspections in the Bruce B reactors.
2.5

Pressure Tube Fretting Mechanisms

The fuel channel inspections at Bruce B show fretting patterns of extent, depth distribution,
and location at the burnish mark and midplane of the 13th bundle such that about 75% of the
channels in each reactor are estimated to have frets greater than 0.15 mm deep. Ongoing
assessments indicate that the pressure tube fretting occurs due to a number of contributing
factors:

(1)

A system of forcing functions consisting of flow turbulence, pressure pulsations and
possibly low frequency pressure pulsations

(2)

A rolled joint/spacer sleeve geometry and channel length variations which provide
different support conditions for the bundle over time as the pressure tube elongates
and sags due to creep

(3)

A bundle design with bearing pads on alternate elements at both the outer and inner
planes that allows variations in the bundle support geometry.

3.0

SOLUTIONS

Solutions to be implemented were required to address the power pulse and fretting concerns.
Because the reactors were derated until a solution was installed several novel ideas were
investigated in parallel. Tables 1 and 2 show the range of solutions considered for the power
pulse, fretting and cracking concerns.
3.1

Fuel Bundle Rounded Corner Bearing Pads

Rounding (increased radius) of the corners of the fuel bundle bearing pad from nominally 0.1
mm to 0.5 -0/+0.2 mm is intended to increase the root radius of fret marks. This is
considered to be a minor change to the bearing pad design. However, out-reactor fretting
tests are being performed on rounded bearing pads to compare their performance, from a
pressure tube fretting point of view, with the standard pad. In addition an in-reactor test
program is ongoing with GE bundles in Bruce Unit 6 and Darlington Unit 4. The fuel
bundles will be inspected when they are discharged and the fuel channels inspected at the
first opportunity.
3.2

Fuelling with Flow (FWF)

Fuelling with Flow (FWF), immediately solves the power pulse problem, but entails moving
to a 12 bundle channel in order to eliminate the fretting concern.
The following areas were addressed during the feasibility study:
fuel handling concerns, in particular bundle separation at the latch
the integrity of irradiated fuel resting on the latch
reverse flow impact in a 12 bundle channel
bundle impacting during fuelling
re-ordering the core
No insurmountable problems appeared to be associated with FWF.
Reordering the core will be with 13 fuel bundles in the channels with the changeover to a 12
bundle channel occurring approximately 12 to 18 months later. This time is required to
complete the fuel handling equipment modifications necessary for 12 bundle FWF.

3.3

Pump Modifications:

In view of the successful change from 5-vane to 7-vane HT pump impellers at Darlington
NGS, pump impeller modifications were also investigated as a solution to end-plate cracking
and severe pressure tube fretting at Bruce B.
The acoustic characteristics of these two stations were found to be substantially different.
At Darlington NGS, with the 5-vane impeller, strong acoustic 150 Hz resonant peaks with
amplitude of 40 kPa were measured in the RIH near ZPH operating conditions. The 7-vane
impeller resulted in a non-resonant condition with pressure in the RIH measured to be in the
10-12 kPa range near ZPH.
At Bruce B the pressure measured in the OZ RIH was in the 20-25 kPa range. Modelling
performed with ABAQUS, using a model adjusted to agree with Darlington measurements,
showed that changing from the 5-vane to 7-vane impeller would result in increased pressure
amplification in the header. Therefore the 7-vane impeller was not recommended as a
solution to end-plate cracking at Bruce B.
3.4

Fuel Bundle Design Changes

The objective was to alleviate end plate cracking and the fretting of the pressure tube due to
the mid plane bearing pad as much as possible through bundle design improvements. The 2
stages were as follows:
Stage 1
rounded edge bearing pads
controlled end plate dishing
minor relocation of inboard and outboard pads
Stage 2
reduce fuel bearing pad/pressure tube clearance
relocate and/or add bearing pads
rounded endcaps
3.5 Long Fuel Bundles
Long fuel bundles (0.5 inches longer than standard) are intended, when used in combination
with the standard bundles in a fuel channel, to increase the length of the fuel string thus
maintaining the inlet bundle in the correct axial location. This not only maintains an
acceptable gap between the inlet shield plug and the inlet bundle but also prevents the
inboard bearing pad contacting the burnish mark and therefore eliminates the burnish mark
fretting.
An extensive out reactor test program was undertaken to ensure acceptable performance of

the long bundles. Installation of a limited number of long bundles is in progress in
Darlington and Bruce B to provide in reactor verification of performance before full
implementation.
Approximately 5000 long bundles have been manufactured.
3.6

Inlet MklllD Shield Plug

The MklllD flow straightening inlet shield plug, (FSISP) is a modification of the existing
(MklllA) inlet shield plug currently used in the Bruce reactors. The modification involves
attaching a multi-hole flow straightening disc, Figure 2, into the shield plug skirt. Out
reactor testing for Darlington demonstrated that this flow straightener reduces the turbulence
in the inlet end fitting and reduces the vibration and motion of the inlet fuel bundle. This is
expected to reduce the fretting of the pressure tube. A second benefit of this modification
was that it reduced the gap between the shield plug and the inlet bundle thus helping to
reduce the power pulse.
Development of MklllD FSISPs were based on MklUC FSISP which is currently installed at
selected fuel channels at Darlington Unit 4. However due to differing requirements for Bruce
A and B, the MklllD flow straightener is attached to the shield plug using a crimping
method.
During the development of the crimped-in flow straightener the effects of radiation
embrittlement of the existing inlet shield plug skirt were studied on an active shield plug
from Bruce A at CRL. The results indicated that radiation hardening had not occurred. The
crimp geometry was developed with test pieces that were at the upper material hardness
range to account for decreased material ductility.
Design Features
Diameter :
Flow Holes:
Thickness:

3.7

4.069" nominal
121 x 0.250"
1.66" nominal
main disk diameter

Creep Compensator

The creep compensators were intended to be installed at the fuel channel outlet fuel latch and
meet two functions: a) provide a flat face to the outlet fuel bundle to minimize end plate
cracking and with different lengths available allow the inlet bundle to be positioned correctly
away from the burnish mark. This creep compensator was intended to be installed along
with the flow straightening shield plug.
3.8

Through-the-latch Outlet Shield Plugs To Support Fuel

The objective was to design a fuel supporting and fuel string relocating flow straightening

outlet shield plug (FSOSP) for Bruce NGS A and B to address the endplate cracking and
fretting problems. While the design was completed the shield plug became fairly
complicated and was not pursued.
3.9

Gap Management

As a result of the need to install devices to minimize the gap between the shield plug and the
inlet fuel bundle there was also a need to manage the gap and the increase in the gap with
time due the fuel channel elongation. Managing the gap necessitates increasing the number
of long bundles in the channel as the channel elongates.
The overall objectives of the gap management program are to:
(1)

Install the recommended number of long fuel bundles in each fuel channel to satisfy
the bundle 13 positioning requirements.

(2)

Determine the average inner zone and the reactor core gaps to verify that the
specified average gap and therefore power pulse requirements are satisfied,

(3)

Ensure the inboard bearing pads of the upstream fuel bundle do not engage the
pressure tube burnish mark both at the initial installation of long fuel bundles and
during the subsequent normal operation of each of the reactor units .

(4)

To allow for fuel string expansion, the fuel/shield plug gap will be limited to not less
than 1.25 inches in any channel. The required average gap across the core will be
approximately 2 inches.

Tables 1 and 2 list the various solutions for the power pulse/fretting and end plate cracking
problems respectively.
4.0

IN-REACTOR VERIFICATION PROGRAM

In addition to out-reactor testing and qualification where necessary, an in-reactor verification
program has been initiated. The objective is to define the activities required to verify the inreactor performance of the various pressure tube fretting and power pulse solutions being
implemented. This program currently includes shield plug modifications, long bundles and
rounded bearing pads. The verification program consists of phased implementation and fuel
bundle and/or fuel channel inspections.
5.0

IMPLEMENTATION

Bruce A
Bruce A was limited to 60% FP by the power pulse. The shield plug modifications were
started on September 30, 1993 and Units 1,2 and 3 inner zones have been completed. This

has reduced the gap to approximately 3.5 inches and enabled the reactor power to be
increased to 70% FP, delaying a potential problem with blister growth, particularly in Unit
2.
Economic and technical evaluations of the fuelling with flow and long bundle/FSISP options
resulted in Bruce A adopting the fuelling with flow method. Reactor power can be raised
when approximately 150 of the inner core channels have been converted to FWF.
Implementation will be phased, with 20 channels being reversed in the next few months and
the operation being complete by the end of 1994.
Bruce B
Analysis of the Bruce B power pulse requirements in 1993 resulted in increasing power to
80% FP from 60% FP without implementing physical modifications to the plant. For the
long term solution, Bruce B will be implementing the long bundle/shield plug modifications.
The shield plug modifications in the inner zone were started in November 1993 and are
currently complete in all four units. The station recently obtained agreement to increase
power to 88% FP.
The next phase is to install long bundles in the outer zone channels to eliminate the burnish
mark fretting. When final agreement from the AECB is obtained Bruce B will complete the
shield plug modifications in the outer zone and install long bundles in all channels. This will
enable the station to operate at 100% FP.
Darlington
Darlington does not have the power pulse problem but has already experienced some burnish
mark fretting. The long bundle solution is being implemented to resolve this. The
implementation used a phased-in approach. PHASE I consisted of the loading of 18 long
bundles into D-type channels (one per channel) in Unit 2 to confirm the physical integrity of
the long bundle against the latch and to confirm that the fretting characteristics at the inlet
position were acceptable. In parallel, four long bundles were loaded into positions 3 and 4
in two high power channels to confirm the fuel performance. PHASE II of the program
involved loading long bundles into all channels (except low flow, A-type channels) in all
units to prevent burnish mark fretting. The long bundles were loaded during the normal
fuelling process and introduced over a period of several months. The inlet shield plug
modification was initially introduced in Darlington to mitigate the fretting. The results from a
verification program in Unit 4 suggested that this was not achieving the results expected and
will not be implemented.
6.0

CONCLUSIONS

The problems that are being addressed are: 1) burnish mark fretting, 2) midplane fretting,
3) power pulse and 4) acoustically active channels causing end plate cracking and enhanced
fretting at the burnish mark and midplane.

(1)

Solutions exist for burnish mark fretting - the long fuel bundle and fuelling with the
flow. Apart from continued surveillance to gain in-reactor experience on the bundle
performance, both can be implemented to eliminate burnish mark fretting.

(2)

Midplane fretting of the inlet bundle is still a concern, but a number of mitigating
actions can be implemented. The rounded bearing pads will reduce the root radius of
frets to make them more tolerable. The fretting mechanism work suggests that
putting the inlet bundle in its correct position on the spacer sleeve will also reduce the
depth of fretting. The MKIIIC/D shield plug may also reduce the fretting

(3)

Solutions to the power pulse are the long fuel bundle and the flow straightening inlet
shield plug combination which will be implemented in Bruce B and fuelling with the
flow, providing a positive solution to the power pulse, and which is being
implemented in Bruce A.
The creep compensator was placed on hold due to high pressure drops discovered
during the testing phase of the program.

(4)

Endplate cracking and severe fretting problems exist in the acoustically active
channels in Bruce B. Solutions which could be implemented are:
The creep compensator providing the number of channels is not high.
Zircatec fuel appears to be more crack resistant and is loaded in position 1 to
reside on the latch, or in all positions.
A fuel supporting outlet shield plug is being reconsidered.
Methods to eliminate the acoustic pulses from individual channels which are
being investigated.

7.0
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TABLE 1:

Solutions to Inlet Bundle Fretting/ Power Pulse

Cons (major)

Solution

Pros (m^jor)

13 longer bundles (0.5M)

Can be implemented in
relatively short timescale

Gap management. Fretting
at one axial location of
pressure tube.

Fuelling with Flow 12
standard bundles uncentred
core

Eliminates power pulse
problem. Minimal fuel
handling time increase in
fuelling 12 bundle channel

Need development/mods to
FM heads to ensure
separation of bundles at the
latch

Flow straightening inlet
shield plug

Basic channel design not
changed.

Degree of fretting reduction
uncertain.

Bundle bearing pad rounded
corners

Could significantly improve
the acceptability of fret
marks from stress aspect

Degree of root radius
improvement yet uncertain.
Requires fuel
manufacturing changes.

Creep Compensator

Initially considered as the
solution which could be
implemented earliest

Gap management. Fretting
at one axial location of
pressure tube. Increase in
fuel handling time.

Fuelling with Flow 12
longer bundles

May alleviate some fuel
handling concerns vs 12
standard bundles

Need development/mods to
FM heads to ensure
separation of bundles at the
latch

Fuelling with Flow 13
shorter bundles

May alleviate some fuel
handling concerns vs 12
standard bundles

Need development/mods to
FM heads to ensure
separation of bundles at the
latch

Telescoping outlet shield
plug

Reduces FH times over a
Creep Compensator. May
also reduce endplate
cracking

Longer development time,
cost to replace all outlet
shield plugs, activation of
shield plug.

Adjustable fuel supporting
outlet shield plug

May also reduce endplate
cracking

Considerable FH mods
required, solution judged
low feasibility by GE

Outlet shield plug 2/3 piece
design

May also reduce endplate
cracking

Judged low feasibility by
GE

12 standard length plus 1
longer bundle

Considerable fuel handling
changes required. Gap
management. Fretting at
one axial location of
pressure tube.

Dummy 13th bundle

46% increase in FH times.
Judged not feasible by GE

13th bundle supporting inlet
shield plug

Possibly reduce motion of
inlet bundle to eliminate
fretting

Needs development to
determine load required and
qualify fuel plug interface.

Tilted fuel bundle

Possibly reduce
motion/fretting by putting
side load on bundle

Lots of uncertainties
without some testing

Rolled joint sleeve

Possibly reduce
motion/fretting by providing
better inlet bundle support

Needs development from
both channel design and
installation tooling

CANDU 6 fuel bundle

Possibly reduce
motion/fretting by being
more stable than Bruce/Darl
bundle

Bundle design incompatible
with Bruce/Darl fuel
channel

Softer bearing pads

Possibly reduce fretting
wear of PT

Previous work failed to
identify suitable materials

Re-arranged bearing pad
layout

Could reduce motion
fretting by increasing bundle
stability.

Several months
development time. Requires
fuel manufacturing change

Fuel "belly bands"

Reduces element
vibration/fretting

Concerns over crevice
corrosion, increased bundle
rocking, increased delta p,
belly band fatigue

Reduce PHT flow

Reduction of flow below ~ 2<- Derate of Units may be
kg/s may significantly
necessary.
reduce fretting at
Darlington, Bruce may be
less certain

T A B L E 2:

Solutions to Fuel Bundle Endplate Cracking Pulse

Fuel Endplate Cracking
Solutions

Pros

Cons

Modify Fuel Bundle Endplate

Relatively simple design
change to increase endplate
fatigue resistance.

Requires fuel manufacturing
change

Reduce length of pump
splitter plate

Moves high acoustic
amplification away from
reactor operating
temperatures

Not certain that this solution
is practical

Modify phase relationship of
pumps

Reduces acoustic
amplification by controlling
pump phase angle

Costly to engineer, large
space needed for controls

Fuel supporting outlet shield
plug

Low cost solution if only
required on a few channels

Reduces endplate stresses
but does not modify
acoustics

Specific acoustic attenuating
shield plugs

Low cost solution if only
required on a few channels

Uncertain success without
development/testing

Defuel "high acoustic
activity" channels

Low cost solution if only
required on a few channels

Feeder clearance problem
after some time

Change pump impeller

Could modify entire acoustic
characteristic of PHT system
away from fuel/channel
resonant frequencies

Expensive solution, uncertain
that this will be successful at
Bruce

Creep Compensator

Low cost solution if only
required on a few channels.

Increase in fuel handling time.
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ABSTRACT
An independent experimental program has been conducted at Carleton University to
support and validate an analytical model of the thermalhydraulic behaviour of a 10 MW
SLOWPOKE Energy System (SES-10) reactor in which the pool water is completely lost. The
experimental results indicate that the entire height of the concrete pool wall is effective as a heat
sink during the accident and that the analytical model, adapted to the experimental conditions,
predicts the thermalhydraulic behaviour of the system quite well. Predictions of the analytical
model, modified in the light of the experimental results, strongly reinforce the conclusions of an
earlier study that the fuel and fuel sheath temperatures in an SES-10 in this low-probability
accident will be low enough that no significant fuel damage will result and that there will be no
significant fission product release. The analytical model can be applied to other pool-type
reactors, such as a MAPLE reactor.
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INTRODUCTION

The probability of an accident in a 10 MW SLOWPOKE Energy System (SES-10) reactor
(1) in which a total loss of pool water (LOPWA) results in a complete uncovery of the core is
so low that it is not considered as a design-basis accident for licensing purposes. Design and
operating features which lead to the low probability of such an accident are described in
reference 2.
Nevertheless, an analytical study of a LOPWA was undertaken at Carleton University for
AECL Research (2,3). The study considers only the period after the pool has been completely
emptied of water. That is, it ignores the transition period when the core would be partially
uncovered. The objective of the study was to predict maximum fuel sheath temperatures and
other parameters as functions of time after core uncovery occurring at various times after reactor
shutdown. The results of the study showed that fuel and fuel sheath temperatures for a typical
SES-10 design, shown schematically in Figure 1, in a LOPWA would be low enough that no
significant fuel or fuel sheath damage would be expected, provided that core uncovery did not
occur earlier than one hour after reactor shutdown. It was concluded that no significant release
of fission products would occur even in such a highly improbable accident.

Work has continued on an independent basis at Carleton University on an experimental
and analytical program to investigate this accident more thoroughly. The purpose of the
experimental work is to validate and support the analytical models and to gain insights into the
processes involved. The analytical work has produced improvements in the models to provide a
more realistic and efficient analysis of the accident sequence. This work resulted in an improved
version, LOPWAT2 (4), of the computer program used in the original study, LOPWAT. This
paper describes the results of the experimental program as well as modifications to LOPWAT2
resulting from the experiments. The modified L0PWAT2 is then used to obtain results that
reinforce strongly the conclusion of reference 2 that there will be no significant fuel or fuel
sheath damage and release of fission-products in such an accident.
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DESCRIPTION OF EXPERIMENTS

2.1

Apparatus

A brief description of the experimental apparatus and procedures is provided here. Full
details are given by Slaby (5). The apparatus, as shown schematically in Figure 2, consists of the
following major components:
*
*
*
*

a
a
a
a

simulated core located within a core box on a support stand
riser or chimney above the simulated core
cylindrical tank simulating the pool tank
concrete cylinder simulating the concrete pool structure

The core is simulated by 16 electric heaters, 1.09 cm OD by 23.2 cm heated length (41.9
cm total length) mounted in a 4 by 4 square array. The heaters are commercial Incoloy-sheathed
electric heaters with the heating coil mounted in a ceramic core. They are supported in the
stainless steel core box, 6.5 cm by 6.5 cm in internal cross-section and about 42 cm long. The
core box is well insulated externally to simulate conditions expected near the axial centre-line
of the core. Above the core box is the stainless steel riser, 9.5 cm by 9.5 cm in internal crosssection and 41.2 cm long, with walls not insulated externally, to simulate conditions in the SES10.
The stainless steel tank is 44 cm ID and about 122 cm high with 3.2 mm thick vertical
walls. The tank sits in the concrete cylinder. There is a 4.3 cm radial gap between the tank and
the concrete cylinder simulating the air gap in the actual SES-10. The gap in the apparatus was
also designed to permit a controlled and measured cooling water flow through it for one stage
of the tests which will be described later.
The concrete cylinder has an OD of about 94 cm and an overall height of 135 cm. It is
provided with an internal stainless steel liner 3.2 mm thick and an external mild steel liner 6.4
mm thick. The thickness of the wall of the concrete cylinder, 20 cm, was chosen to ensure that,
in a transient experiment, the maximum heater sheath temperatures would approach typical fuel
sheath temperatures predicted for LOPWA accident conditions in an SES-10 before there would
be any significant heat loss from the outside surface of the cylinder. The bottom of the cylinder

is about 12 cm thick and the cylinder sits on seven I-beams designed to spread the load of the
structure on the laboratory floor.
The open top of the cylinder is closed by an insulated, sealed
cover, which simulates the cover of the SES-10 pool.
The major design objective for the apparatus was to ensure that the important
thermalhydraulic and heat transfer mechanisms in a LOPWA were reproduced to the maximum
extent possible in the experiments rather than to attempt to create a scale model of the SES-10.
Some of the dimensions were fixed by practical considerations. A comparison of certain design
ratios of the SES-10 and the experimental apparatus is given in Table 1.
Table 1. Design Ratios in SES-10 and Experiment
Design

SES-10

Experiment

Fuel(heater)element p/d

1.49

1.49

Fuel(heater)element d/L

0.0179

0.0471

Riser height/core height

4.67

0.963

Riser width/core width

1.47

1.47

Concrete/fuel surface area

3.33

12.4

Riser/downcomer flow area

0.0576

0.053

Air gap width/height

0.0659

0.040

2.2

Instrumentation
Instrumentation is provided to measure the following quantities, as indicated in Figure 2:
*
*
*
*
*
*

Total heater power input
Heater sheath temperatures
Air temperatures at a number of points
Tank wall temperatures at a number of points
Concrete temperatures at a number of points
Air velocities below the simulated core

All temperature measurements are made using chromel-alumel thermocouples. Heater
sheath temperatures are measured at five axial positions on an inner heater element, with the
thermocouples welded to the heater sheaths by the capacitance-discharge method. Air
temperatures are measured at the heater inlet, at the heater outlet (3 thermocouples) and at the
top of the riser. All air-temperature thermocouples are equipped with radiation shields to
minimize errors resulting from radiation exchanges with surfaces at different temperatures. Tank

wall temperatures are measured by thermocouples welded to the tank wall at six axial positions
at each of two circumferential locations 90 degrees radially apart. Concrete temperatures are
measured at five radial positions at each of three elevations in two sets 180 degrees apart, as well
as at three axial positions on the centre line of the bottom end of the concrete cylinder.
Temperatures are also measured on the inside surface of the top cover and at a point in its
insulation. Air velocities are measured using a temperature-compensated hot-wire anemometer.
A velocity duct was installed below the entrance to the heater to enable the average air flow rate
to be established by traversing the hot wire anemometer across the air flow path. However,
because of uncertainties caused by calibration equipment, air velocities measured by the hot-wire
anemometer were not used in the reduction of the data (5). Therefore, air flow rates were
determined by heat balances on the air flow through the simulated core, accounting for 5% heat
loss from the core which was determined analytically and confirmed experimentally.
2.3

Experimental Program

The experiments were run in three stages. In stage 1, steady-state experiments were run
with the core-riser module (support stand, core and core box, riser) mounted in the room outside
the tank and concrete cylinder. In stage 2, steady-state experiments were run with the core-riser
module located in its normal position in the tank and concrete cylinder but with a measured
cooling water flow provided through the air gap. In stage 3, long-term transient experiments were
run with the apparatus in its normal configuration. In all of these stages, electric power to the
heaters was kept constant during any one experimental run. The range of power used extended
from 100 W to 700 W.
The purpose of stage 1 was to establish the thermalhydraulic characteristics of the coreriser module by isolating it from the rest of the apparatus. In particular, stage 1 was used to
determine a pressure-loss correction factor for the configuration which was then used in
subsequent experimental runs to calculate air mass flow rates. The purpose of stage 2 was to
establish the steady-state thermalhydraulic and heat transfer characteristics for the combined coreriser module and the tank much more readily than could be achieved with the normal
configuration in which the time constant of the apparatus is established by the thermal
characteristics of the concrete.
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ANALYTICAL MODEL
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Modification to LQPWAT2

The computer code LOPWAT2, which was the basic analytical tool used in the present
study, is described in some detail in reference 4. In LOPWAT2, as in the original LOPWAT (2),
the conservative assumption was made that the plume of hot air emerging from the riser would

For example, at a heater power of 400 W, it requires over 16 hours for the system to
approach steady-state conditions.

reverse immediately to flow down the downcomer, because of uncertainty about the height of
plume rise above the top of the riser. However, as discussed in reference 4, early results of the
experiments showed conclusively, as we will see, that the plume of hot air leaving the riser
reaches the top of the tank before reversing to flow down the downcomer. Thus, it would be
expected that the concrete wall above the top of the riser would be effective as a heat sink during
a simulated LOPWA transient; an expectation that was also verified by the experiments.
LOPWAT2 has now been modified to allow for the plume rise from the chimney to the
top cover of the pool before reversing to flow down the downcomer and to allow for the resulting
heat sink represented by the portion of the concrete wall above the top of the riser. The
improved thermalhydraulic model allows for heat transport by turbulent mixing between the
plume of hot air rising above the chimney and the cooler air sinking in the downcomer, based
on a model of Schlichting (6) for turbulent eddy diffusivity in the mixing region of a free-jet
boundary. All other assumptions used in the analysis are the same as those described in
reference 4. The modified program is designated L0PWAT2.1.
3.2

LOPWATEX. Adaptation of L0PWAT2.1 to Experimental Conditions

A modified version, LOPWATEX, of L0PWAT2.1 was developed to adapt the program
to the experimental conditions. The structures of the main program and the subroutines in
LOPWATEX are the same for the experimental apparatus as for the SES-10 conditions. The
only physical models that were modified from those in the reactor program were in the subroutines for the transient response of the core and for the transient response of the ground outside
the concrete wall. In the first case, the model for the reactor core with its chopped-cosine axial
power distribution was replaced by a model for the uniformly heated electric heaters. In the
second case, the analytical model for the thermal response of the ground was omitted of course,
but this omission is irrelevant since essentially adiabatic conditions exist at the outer surface of
the concrete wall in both the SES-10 and the experimental transients during the periods of
concern here, about 20 to 24 hours after their initiation.

*
*

Two minor additions were made
to account for heat loss, as a certain percentage of heater power, from the heater region
to the downcomer air, to be consistent with the experimental conditions
to include specific empirical inlet and exit pressure loss coefficients and friction factors
for the heater region and the velocity duct. These pressure-loss coefficients and friction
factors are based on equations for the experimental geometry and flow conditions taken
from Idelchik (7) for the entrance and exit loss coefficients and on Shah (8) for the
friction factor correlations.

4.0

EXPERIMENTAL RESULTS AND COMPARISON WITH ANALYTICAL
PREDICTIONS

4.1

Stage 1: Core-riser Module in Room

In stage 1, the net buoyant force driving the thermosyphoning flow will be higher than
in the other stages since the relatively hot air in the downcomer region is replaced by cool room

air in this stage. Also, for radiation from the riser, the surroundings will act as a black body.
LOPWATEX was modified to represent these conditions. Of course, in this case, there is no
need to account for the plume behaviour above the top of the riser.
Figure 3 compares measured and predicted air mass flow rates at different input power
levels for stage 1. The measured air flow rates, based on the air flow energy balance, are seen
to be about 30% to 40% higher than the predicted rates, based on the correlations and data of
Idelchik (7) and Shah (8). This result is not surprising, considering uncertainties in pressure loss
and friction coefficients at the low Reynolds numbers (-200 to -400) encountered here.
Therefore, an overall pressure loss correction factor, Kc, was defined, where Kc is the ratio of
the actual to the calculated total pressure drop through the heater and velocity duct, both based
on the measured air flow rate. Using a least-squares method, the best fit value of Kc was found
to be Kc = 0.517. With this correction factor introduced into LOPWATEX, very good agreement
is obtained between the measured and predicted values, as can be seen in Figure 3, with the
standard deviation of the experimental data from the predictions being about 2.8%. This value
of Kc was retained in LOPWATEX for the prediction of air mass flow rate in all subsequent
experiments.
Figure 4 shows plots of measured and predicted values of air temperatures at the heater
outlet, T h , and at the top of the riser, T e , against input power. As would be expected from the
method of air-flow measurement, there is excellent agreement between measured and predicted
values of T^. There is good agreement between measured and predicted values of T g , indicating
that the models used for predicting heat transfer rates from the air in the riser represent the actual
heat transfer behaviour quite well.
4.2

Stage 2: Core-Riser Module in Water-Cooled Tank

In the steady-state experiments of stage 2, the water flow rate through the air gap was
adjusted so that the water temperature rise at any power was only about 2°C. Thus, the tank wall
temperature was essentially uniform over its entire surface. This adjustment enabled the
experimental conditions to match very well the analytical model conditions which postulate a
uniform tank wall temperature at any time.
The predicted and measured air mass flow rates agreed very well in all the stage 2
experimental runs, giving a relative standard deviation of 4.4%.
Figure 5 compares the experimental and predicted air temperatures at the heater exit, T h ,
and at the top of the riser, T e , as functions of heater input power. With the full plume rise and
turbulent mixing between the up-flowing and down-flowing air now accounted for, there is
excellent agreement between the predicted and measured heater outlet air temperatures over the
entire power range, compared to the over-predictions shown in Figure 8 of reference 4, obtained

using the previous analytical model in LOPWATEX which assumed that the plume reversed at
the top of the riser^.
Figure 5 also shows good agreement between the predicted and measured air temperatures
at the top of the riser, T e , consistent with the results obtained in stage 1, even though a further
element is introduced in stage 2 by the radiation interchange factor between the riser and the
tank. The analysis slightly over-predicts T e by about 5% to 10%, or less than 20°C even at the
highest input powers.
4.3

Stage 3: Long-Term Transient Experiments with Apparatus in Normal Configuration

Stage 3 of the experimental program represents a simulation of an actual LOPWA,
although the heater power is kept constant throughout the long-term transient. Tests were run
at powers of 200, 400 and 600 W and lasted for about 24 hours in each case.
Again, there was very good agreement between the measured and calculated air mass flow
rates, with a relative standard deviation of 3.4%.
Figure 6 shows measured and predicted air temperatures at the heater outlet, T^, at the
top of the riser, T e , and at the heater inlet, Tf, as functions of time for an input power of 400 W.
The slight perturbations in the measured temperatures during the later part of the run result from
disturbances in the power supply to the apparatus (±5% typically) because of variations in
laboratory loads during the long transient run.
There is reasonably good agreement between the measured and predicted values of T h and
Tg under the quasi-steady-state conditions towards the end of the run, although these temperatures
are slightly over-predicted, and the value of Tf is over-predicted to a greater extent. These overpredictions are attributed mainly to the neglect of heat losses through the bottom of the concrete
cylinder and the top cover of the apparatus in the analytical model. From the thermocouple
readings in the concrete bottom and in the top cover and insulation, it is estimated that up to
about 10% and 5% respectively of the total heat losses occur through these regions. Similar
results were obtained in the quasi-steady state parts of the long-term transient runs at 200 W and
600 W.
Figure 6 shows more rapid initial increases for the predicted values of T^ and T e than
those for the measured values. Similar behaviour was observed in the tests at 200 W and 600
W. The faster responses for the analytical values result from the neglect of heat storage in the
inactive lengths of the heaters and in the core box in the analytical model.
Figure 7 compares measured and predicted heater sheath temperatures along the heater
length for input powers of 200 W, 400 W and 600 W at 24 hours after the start of the transient.
There is reasonably good agreement between measured and predicted heater surface temperatures

Part of the over-predictions in reference 4 results from the use of an earlier heater flow
model.

over the middle portion of the heater, 14 cm to 26 cm, considering the difficulties of measuring
surface temperatures under such conditions as well as the uncertainties in the analytical model.
However, there are larger differences between measured and predicted temperatures near the inlet
end and near the exit end of the heaters. Near the inlet end, the low predicted sheath
temperatures reflect the effect of the high heat transfer coefficients in the entrance region
predicted by the forced convection laminar heat transfer correlation selected by the program as
the most appropriate for the experimental conditions. The higher measured than predicted sheath
temperatures in this region probably result from radiation heat transfer from the hotter
downstream portions of the test section, particularly the core box. Near the exit end, the lower
measured than predicted temperatures are attributed to radiation heat transfer to the cooler exit
end-plate and riser wall as well as to the effect of axial conduction within the heater from the
active heated region into the unheated downstream end. A similar trend of measured and
predicted values near the downstream end of a heat under similar conditions was found by
Krzaniak (9).
Figure 8 shows tank wall temperatures as functions of time at a power input of 400 W.
At 24 hours, the temperatures are still increasing, although quite slowly. At this time, there is
a significant temperature difference from the bottom to the top of the tank wall, about 50°C.
This difference is evidence that the hot plume rises from the chimney to the top of the tank
before reversing to flow down the downcomer. The analytical model assumes uniform tank wall
temperature and thus predicts only an average temperature. The predicted tank wall temperature
at about 24 hours is about 66°C which is reasonably close to the average measured temperature
at this time of about 73°C. The measured tank wall temperatures initially show the typical
behaviour associated with the transient thermal response of a body with heat storage. The
predicted temperature behaviour in this initial period, particularly its more rapid increase, reflects
the neglect of heat storage in the tank wall in the analytical model.
The temperatures shown in Figure 8 are averaged values at any height for the two
circumferential positions 180° apart. The temperatures for the circumferential positions 180°
apart are essentially the same (within 0.5°) at any height at any given time. This indicates that
the air flow in the downcomer must be quite uniformly distributed circumferentially . This
conclusion supports the one-dimensional model for air flow thermosyphoning used in the
analytical program.
Figure 9 shows temperature histories at the inner nodes (3.4 cm from the inner surface
of the concrete cylinder) at a number of vertical locations in the concrete wall as functions of
time for a power input of 400 W. The high temperatures measured at 96 cm from the bottom,
i.e., near the top of the concrete wall, confirm that the portion of the wall above the top of the
riser is very effective as a heat sink, as has been discussed earlier.
The analytical model ignores variation in temperature in the vertical direction, treating the
heat flow in the concrete with a radial one-dimensional geometry (4). Therefore, as with the tank

The analytical model indicates that convection heat transfer dominates radiation heat
transfer to the tank wall.

wall, predictions of concrete temperature represent averaged values in the vertical direction.
Figure 9 shows that the predicted average concrete temperatures lie in the upper part of the range
of measured concrete temperature. This result implies that the analytical model predicts that the
concrete is acting somewhat more effectively as a heat sink than the experimental results indicate.
This observation may simply mean that the thermal diffusivity for concrete used in the analysis
is somewhat too high. This speculation is consistent with the more rapid temperature response
at the inner concrete node for the predicted than for the measured values, shown in Figure 9.
As is the case for the tank wall, concrete temperatures at a given height and radial
position but 90° radially apart circumferentially were found to be essentially the same (within
0.5°C) at any given time. This observation confirms that the air flow distribution in the
downcomer is quite symmetrical.
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APPLICATION OF IMPROVED ANALYTICAL MODEL TO A LOPWA IN AN SES-10

5.1

Maximum Fuel Sheath Temperatures in a LOPWA

The improved computer program, LOPWAT2.1 has been applied to predict system
behaviour following a loss-of-pool-water accident in an SES-10. The reference conditions for
this analysis, other than those associated with the modifications to the analytical model, are the
same as those used in the analyses described in references 2 and 3, and are listed in Table 2
which also lists the values used in the sensitivity study.
Table 2
Reference Conditions and Sensitivity Conditions for Analysis
of SES-10 Behaviour in a LOPWA

Parameter

Reference Case

Sensitivity Case

Initial Temperature of
Concrete and Ground

60°C

10°C

Concrete and Stainless Steel
Emissivity

0.9, 0.79

0.6, 0.6

Mixing Coefficient, C m

0.014

0.07

Ground

Rock

Clay

Node Spacing

10 cm

5 cm

Figure 10 compares the maximum fuel sheath temperatures as functions of time after core
uncovery for core uncovery times of 1 hour and 20 hours predicted by LOPWAT2 for the plume
reversing at the top of the riser, from reference 4, and by LOPWAT2.1 for the plume rising to
the top of the tank before reversing. Figure 10 shows that the predicted maximum fuel-sheath
temperatures are now much lower than those given in reference 4 for the same core uncovery
times. Because of the additional concrete wall heat sink above the top of the riser, the peak
maximum fuel sheath temperature is reduced from about 1040°C to about 780°C at a core
uncovery time of one hour and from about 580°C to about 420°C at a core uncovery time of 20
hours. As before (2), the analysis shows that maximum fuel-pellet temperatures are only a few
degrees above the maximum fuel-sheath temperatures at any time. This result suggests that much
shorter core uncovery times than one hour could be tolerated without significant damage to the
fuel and consequent significant release of fission products. This conclusion is verified in Figure
10 where it is shown that even for an uncovery time as short as 15 minutes, the predicted peak
maximum fuel sheath temperature is about 925°C, well below the level at which rapid autocatalytic oxidation of the sheaths would occur. This result strongly reinforces the conclusions
of references 2, 3 and 4 that there would be no significant fuel damage and no significant release
of fission products in a loss-of-pool water accident in an SES-10 for core uncovery times of one
hour or more after reactor shutdown and extends this claim down to core uncovery times as short
as 15 minutes after reactor shutdown.
5.2

Sensitivity Study and Evaluation of Analytical and Experimental Results

Certain important input parameters were varied, as shown in Table 2, to assess the
sensitivity of the maximum fuel sheath temperatures and other variables to variations in these
parameters. The results obtained are shown in Figure 11, for a core uncovery time of 15
minutes. The only parameter to affect the fuel sheath temperature significantly is the initial
concrete temperature, as was the case in reference 2.
Evaluation of the applicability of the analytical models to an actual LOPWA in an SES-10
indicates that the simplified models used should still represent the system thermalhydraulic and
heat transfer behaviour reasonably well and that actual maximum fuel sheath temperatures in a
LOPWA may be lower than those predicted here because of several conservative elements in the
analytical models, such as the neglect of the heat sinks represented by the top cover and bottom
of the pool and by equipment in the pool, and of mixing of hot pool air with cool external air.

6.0

CONCLUSIONS

The experimental program has shown that, in a simulated LOPWA, the plume of hot air
from the chimney rises to the top of the tank before reversing down the downcomer and that the
concrete wall above the top of the riser serves as an effective heat sink. The analytical model,
modified to take into account these effects and to account for turbulent mixing between the hot
plume and the cooler downcomer air, has been shown, when adapted to the experimental
conditions in LOPWATEX, to give very good predictions of the thermohydraulic behaviour
observed in the experimental program. This result indicates that the analytical model captures
the governing flow and heat transfer mechanisms quite well.

Application of the improved analytical model in LOPWAT2.1 to a LOPWA in an SES-10
provides strong support for the conclusion reached in references 2, 3 and 4 that there would be
no significant fuel damage and thus no significant release of fission products in such a lowprobability accident even for very short core uncovery times after reactor shutdown. Core
uncovery times as short as fifteen minutes have been shown to result in peak maximum fuel
sheath temperatures less than 1000°C.
Further experiments are planned to investigate the effect of a specified opening or
openings in the pool cover on the transient, that is, to investigate the effects of the mixing of cool
room air with heat tank air on the cooling of the heater sheath during a simulated LOPWA
transient.
The computer program L0PWAT2.1 can readily be modified to apply to other pool-type
reactors such as MAPLE. Modifications required for such a purpose would mainly involve the
geometric parameters only but the design would have to be examined to identify any other factors
that should be taken into account.
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1.

ABSTRACT

A numerical solution to the problem of natural convection of air in a cavity using the
GOTHIC thermalhydraulic code is presented. The geometry considered is that of a square cavity
with the left and right vertical walls heated to uniform hot and cold temperatures, respectively.
For a specified fluid (i.e., Prandtl number), the fluid flow and heat transfer reduce to being
functions of the Rayleigh number (Ra) only. In this paper four cases using different Rayleigh
numbers are considered: Ra=103, 104, 1(P, and 106. Predictions of the heat transfer
(represented by the Nusselt number), velocity vectors and isotherms are compared to a
benchmark numerical solution. While the flow and temperature fields are in excellent
qualitative agreement with the benchmark solution, the Nusselt numbers are overpredicted;
errors of order 15% were obtained for the simulations performed with the finest grid spacings.
This overprediction of the Nusselt number is likely due to the use of full-upwinding of
convected quantities at a control volume face in the numerical scheme employed by GOTHIC.
At the high Rayleigh numbers seen in containment flows, however, full-upwinding is likely to
be more appropriate. Indeed, phenomena such as turbulence are expected to present the greatest
modelling challenge. To fully assess the capability of GOTHIC to accurately predict hydrogen
dispersion, for example, for high Rayleigh number flows, model predictions must be compared
to experimental results.

2.

INTRODUCTION

Accurate analysis of fluid flow and heat transfer within containment buildings of nuclear
power plants is an important aspect of containment safety analysis. This is particularly
important for hydrogen distribution predictions during the natural convection phase of an
accident. In the event of a LOCA, hydrogen can be produced as a result of the zirconium/steam
reaction: the dispersion of the hydrogen within the containment building is essential to reduce
the likelihood of hydrogen detonation which could increase containment pressure beyond design
limits. Accurate predictions of natural convection flows are important for passive containment
design as natural convection is the major heat transport mechanism for subsequent heat removal.
In order to gain confidence in codes used to calculate heat transfer and fluid flow characteristics
in the containment building, predictions of relevant fundamental flows must be compared to
experimental, analytical, or benchmark numerical solutions. This paper presents predictions of
the fluid flow and heat transfer obtained with the Generation of Thermal-Hydraulic Information
for Containments (GOTHIC) computer code [1] for the fundamental problem of natural
convection of air in a square cavity. Predictions are compared to the numerical benchmark
results of de Vahl Davis [2] for a number of different Rayleigh numbers.

3.

PROBLEM DESCRIPTION

As shown in Figure 1, the problem of interest is that of steady two-dimensional fluid
flow and heat transfer in a square cavity. The flow is driven by buoyancy forces, where the left
vertical wall is heated to a uniform temperature Th0t> the right vertical wall is cooled to a
uniform temperature Tco]d, and the two horizontal walls are insulated. The working fluid is air.
Non-dimensionalization of the conservation equations for mass, momentum, and energy
shows that the important dimensionless group which characterizes the flow is the Rayleigh
number, defined as:
Ra = GrPr
Gr = (buoyancy forces)/(viscous forces) = ((3p2gL3AT) / (|i2)
Pr = (diffusion of momentum)/(diffusion of energy) = (|i Cp) / (k)

(1)
(2)
(3)

where |3 is the thermal expansion coefficient, g is the acceleration due to gravity, p is the
density, [i. is the dynamic viscosity, k is the thermal conductivity, C p is the specific heat, L is the
length of one side of the cavity, and AT is the temperature difference between the vertical walls.
Benchmark solutions for Nusselt number over a range of Rayleigh numbers are provided
by de Vahl Davis [2]. De Vahl Davis obtained solutions for the average Nusselt number
(Nu=hL/k ; h is the average heat transfer coefficient for the flow) through numerical solution of
the conservation equations for mass, momentum, and energy for the geometry and boundary
conditions described above. A finite-difference scheme was employed to discretize the partial
differential equations with forward-differencing applied for the time derivatives and centraldifferencing used for the spatial derivatives. The resulting algebraic equations were solved using
an alternating-direction implicit algorithm. For each Rayleigh number, a benchmark solution
was obtained by applying Richardson extrapolation to numerical solutions obtained for a number
of different grid spacings. The extrapolated solutions are reported to be accurate to less than 1%
error at the highest Rayleigh number and to less than 0.1% error at the lowest Rayleigh number.
Benchmark solutions are provided by de Vahl Davis for values of Ra = 103, 104, 105, and
10 . While these Rayleigh numbers are lower than those representative of buoyancy driven
containment flows (since containment lengthscales are very large), this comparison is useful
because it provides a good test of the numerical solution scheme and the modelling assumptions
used in GOTHIC. A further reason for limiting this study to low Rayleigh numbers is to stay
within the laminar flow range: at high Rayleigh numbers where the flow is turbulent (transition
to turbulence occurs at 108 < Ra < 1010 for natural convection flow on a vertical heated plate
[3]), it is difficult to assess the numerical solution scheme because of the uncertainty inherent in
the mixing length turbulence models used in GOTHIC.
6

4.

THE GOTHIC CODE

GOTHIC solves the three-dimensional transient conservation equations for mass,
momentum, and energy for multi-phase fluids. Separate conservation equations are solved for
the vapour, continuous liquid, and liquid droplet fields. The vapour phase may be a mixture of
steam and non-condensable gases such as hydrogen or air, where the different components of the
vapour phase are assumed to have the same velocities and to be in thermal equilibrium. Relative
concentrations of the non-condensable gases are found by solving a mass conservation equation
for each non-condensable. Note that the axial component of the viscous stress term is neglected
in the momentum equations.

Heat transfer from solid surfaces is accounted for through the use of 'conductors'.
Conductors are one-dimensional rectangular slabs, tubes, or solid rods over which the transient
conduction equation is solved to determine the temperature profile in a solid component. A
conductor is normally 'attached' to a scalar control volume such that the energy leaving a
conductor appears as a source term in the energy equation for the fluid in the scalar control
volume. Boundary conditions which can be applied at the conductor surfaces include specified
temperature, specified heat flux, and convection heat transfer. For the case of convection heat
transfer, the heat transfer coefficient can be specified by the user, or can be calculated by the
code using heat transfer correlations.
Constitutive relations are applied to determine the phase interactions such as drag
between a liquid droplet and the vapour background or the drag between a bubble in a
continuous liquid. Drag between a solid surface and the adjacent fluid is calculated as a function
of the local Reynolds number. The magnitude of the drag force can be controlled somewhat by
the user through the specification of a local hydraulic diameter.
The partial differential equations are discretized using a finite-volume technique with the
momentum control volumes staggered from the scalar variable control volumes. Non-linearities
in the equations (i.e., the 'convecting' velocities) are treated explicitly. Discretization of the
partial differential equations requires the estimation of convected quantities at the control
volume faces. GOTHIC applies full-upwinding to estimate those quantities: the implication of
this treatment will be discussed in Section 6. The resulting algebraic equations are solved either
directly (if the matrix is small) or iteratively using an approach similar to the multi-grid method
described by Hutchinson and Raithby [4].
5.

PROBLEM SIMULATION

Simulation of this problem with GOTHIC required generation of the two-dimensional
grid, and the application of appropriate boundary conditions: no slip at all four walls and
uniform hot and cold temperatures at the left and right vertical wall, respectively. Explicit
application of adiabatic boundary conditions at the horizontal walls was not required as this is
the default treatment in GOTHIC. While initial conditions are required to establish air as the
working fluid, the initial temperatures given are irrelevant to the steady state solution. Note that
the velocities u and v are in the x and y directions shown in Figure 1, respectively.
The no-slip velocity boundary condition at the vertical walls is imposed through
specification of a hydraulic diameter (Dhyd) which will give the correct drag at the wall. i.e.
xw = |i 3v/ 3xlwan
= 2n (vpw/Ax)

(4)
(5)

where v p w is the velocity of the fluid adjacent to the wall, Ax is the grid spacing, |i is the
dynamic viscosity and xw is the wall shear per unit area. GOTHIC calculates t w as
Xw = (fAx/2Dhyd) p v p w lvpw I
f = max{64/Re , 0.0055 + 0.55 Re"0-333}
)

(6)
(7)
(8)

For the low Reynolds numbers seen near the wall, specifying Dhyd=4Ax ensures that the wall
drag is correctly calculated.

The no-slip condition at the horizontal walls is applied by specifying a non-zero 'wall
factor'. The wall factor is used to calculate an effective hydraulic diameter and hence Reynolds
number. Using an approach similar to that described above, setting the wall factor equal to
(l/2Ax) at the control volumes adjacent to the horizontal walls gives the correct shear at the
walls.
Temperatures at the vertical walls were specified by attaching a conductor to each scalar
control volume next to the vertical walls. One end of the conductor was set to the required
temperature, while the other end was exposed to the fluid in the control volume. The conductors
were made very thin (i.e., the conductor thickness was much less than the grid spacing) and were
given a high conductivity, and a low specific heat This specification ensured that the conductor
was at a nearly uniform temperature so that the fluid would be exposed to the correct
temperature. The heat transfer coefficient was set to 2k/Ax to represent conduction heat transfer
from the wall.
For each of the Rayleigh numbers considered (103, 104, 105, and 106) two simulations
were performed using uniform grids of 10x10 and 20x20 control volumes.
6.

RESULTS
Figure 2 shows a plot of velocity vectors for Ra=103 and 104 obtained using a 20x20
grid. The predictions for Ra=105 and 106 are given in Figure 3. For comparison, contour maps
of stream function as predicted by de Vahl Davis are shown in Figure 4 for all four Rayleigh
numbers. At the lowest Rayleigh number, both GOTHIC and de Vahl Davis predict the flow to
be nearly symmetrical about the center point. As the Rayleigh number is increased to 104, the
recirculation is still about the center point, however, the flow streamlines are more elongated
along the top and bottom - i.e., the flow has developed from a circular recirculation pattern to
more of an elliptic pattern. This effect is seen in both the GOTHIC predictions and the de Vahl
Davis solution. At Ra=105, two distinct recirculation zones appear. GOTHIC predictions are in
excellent agreement with the benchmark solution in that the locations of the centre point of the
recirculation zones are extremely well predicted. For the highest Rayleigh number, the correct
flow development is seen as the recirculation zones are predicted to penetrate further into the
fluid at the top and bottom of the domain with the boundary layer substantially thinner.
Predicted contour maps of temperature obtained with a 20x20 grid, are given in Figure 5
for Ra=103 and 104 with solutions for Ra=105 and 106 given in Figure 6. The predictions of de
Vahl Davis are shown in Figure 7. For the case of Ra=103, GOTHIC predicts a slight curvature
in the isotherms with the curvature decreasing near the walls. This behaviour is also seen in the
results of de Vahl Davis. An order of magnitude increase in the Rayleigh number produces a
flattening of the contours with a corresponding larger temperature gradient at the lower left and
top right regions of the cavity. At the largest Rayleigh numbers, the distinct recirculation zones
produce a hump in the isotherms near the top left section and a dip near the bottom. Also, a
thinning of the thermal boundary layer is seen. This evolution of the temperature field is in
excellent agreement with the solution of de Vahl Davis.
Predictions of Nusselt number are given in Table 1 with the error relative to the
benchmark solution shown in the brackets. Apart from the predictions for Ra=106 with a coarse
grid, GOTHIC overpredicts the benchmark solution. Closer agreement is seen, however, as the
grid is refined. It should be noted that the prediction for Ra=106 using a 10x10 grid is not
particularly meaningful since the boundary layer thickness is roughly equal to the grid spacing.
As a further comparison, the results of Lightstone [5] for Ra=104 and 105 using 10x10
and 20x20 uniform grids are also shown in Table 1. Lightstone's results were obtained using a

numerical scheme similar to that used in GOTHIC with the exception of the retention of the
axial diffusion term in the momentum equations and the use of an approximation to the
exponential differencing scheme to estimate fluxes at the control volume faces in the
determination of the algebraic equations. Since a scale analysis shows that neglecting the axial
diffusion term is not an unreasonable assumption, particularly at the higher Rayleigh numbers, it
is likely that the better predictions of Lightstone are due to the better approximation of fluxes at
the control volume faces. This is discussed in more detail below.
In the discretization of the partial differential equations, an estimate of a convected
quantity 0 at the control volume face is required. That quantity is normally made to be a
function of the calculated nodal point values at either side of the control volume face: this
geometry is shown in Figure 8. A full-upwinding scheme sets the value at the control volume
face equal to the value at the nodal point upwind of the control volume face. As discussed by
Patankar [6], the appropriateness of this assumption can be determined by considering the steady
one-dimensional convection/diffusion equation for the variable <I>:
d(puO)/dx = d/dx(r dO/dx)

(9)

<D(0)=Ow and

(10)

with boundary conditions:
O(AX)=OE >

where p is the fluid density, u is the velocity, Ax is the grid spacing, and F is the diffusivity. The
boundary conditions set <l>w as the value of <I> at the nodal point to the west of the control
volume face, and O E as the value to the east. The solution to equation (9) is:
<D(x) =d>w + (<I>E-(Dw ){ exp(Pe • x/Ax) - 1 } / { exp(Pe) - 1 }
where:

Pe = grid Peclet number
= p u Ax /F

(11)
(12)

The Peclet number represents the ratio of transport by convection to transport by diffusion.
A plot of Equation (11) is given in Figure 9 for Pe = 0, 1,5, and 10. By considering the
solution for <I> at the control volume face (i.e, at x/Ax = 0.5), it is seen that only at the highest
Peclet number is the value at the face well approximated by the upstream value. Indeed, as
Peclet goes to zero, the value at the face is an equal function of both the upstream and the
downstream value - i.e, central-differencing would provide better solution accuracy.
By comparing the algebraic equations obtained from central-differencing to those
obtained using full-upwinding, it can be shown [6] that the use of upwinding is equivalent to
increasing the diffusivity, F, to:
r e f f = T ( 1 + 0.5 Pe)

(13)

where Feff is the effective diffusivity. Hence as the grid is sufficiently refined and the grid
Peclet number is reduced, solutions obtained with full-upwinding will approach those obtained
with central-differencing. It should be pointed out, however, that at high Peclet numbers the use
of central-differencing is not appropriate as non-physical solutions can be obtained using that
scheme.

The calculated maximum values of Peclet number for the 10x10 grid simulations ranged
from about 0.5 for the lowest Rayleigh number simulation, to about 23 for the highest Rayleigh
number considered. For the 20x20 grid simulations, the Peclet number values were half that of
the coarser grid - due to the reduction in the grid spacing. Hence the use of full-upwinding is
most appropriate for the high Rayleigh number, coarse grid simulations. The conclusion that the
use of full-upwinding is likely responsible for the error in the Nusselt number predictions is
confirmed by the fact that the best agreement between the GOTHIC predictions and the results
of Lightstone is for the coarse grid, high Rayleigh number simulation. Further, the
overprediction of the Nusselt number by GOTHIC is consistent with the concept of a 'false
diffusion' [6] associated with the use of full-upwinding.

7.

SUMMARY

The GOTHIC code has been used to simulate the natural convection of air in a square
cavity for four values of Rayleigh number: 103, 104, 105, and 106. The predicted fluid flow and
heat transfer was compared to a benchmark numerical solution. Predictions of the velocity
vectors and isotherms were in excellent quantatative agreement with the benchmark solutions:
the details of the flow evolution from a single nearly circular recirculation zone at the lowest
Rayleigh number to two distinct recirculation zones at the higher Rayleigh numbers was well
captured in the GOTHIC solutions. Nusselt numbers were somewhat overpredicted. This is
likely due to the use of full-upwinding in the discretization of the governing differential
equations. At the high Rayleigh numbers encountered in containment flows, however, the use of
full-upwinding is not likely to limit the accuracy of the predicted solutions. It is more likely that
phenomena such as turbulence will present the greatest modelling difficulties. To assess the
capability of GOTHIC to accurately predict high Rayleigh number flows, predictions must be
compared to experiments.
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Table 1: Predictions of Nusselt number as a function of the Rayleigh number
Solution

Ra=103

Ra=104

Ra=105

Ra=106

deVahl Davis [2]

1.118

2.243

4.519

8.800

GOTHIC
(10x10 grid)

1.322
(18%)

2.707
(21%)

5.493
(22%)

GOTHIC
(20x20 grid)

1.292
(16%)

2.529
(13%)

5.180
(15%)

8.119
(-8%)
10.683
(22%)

Lightstone [5]
(10x10 grid)

—

2.45
(9%)

5.40
(20%)

—

2.30
(2.5%)

4.89
(8%)

-

Lightstone [5]
(20x20 grid)

-
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Figure 1: Problem geometry and thermal boundary conditions
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Figure 2: Velocity vectors predicted by GOTHIC for Ra=103 and 104
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Figure 3: Velocity vectors predicted by GOTHIC for Ra=105 and 106
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Figure 4: Streamlines predicted by de Vahl Davis [2] for Ra=103 to 106
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Figure 5: Contour maps of temperature predicted by GOTHIC for Ra=103 and 104
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Figure 6: Contour maps of temperature predicted by GOTHIC for Ra=105 and 106

Ra=103

Ra=104

Ra=105

Ra=106

Figure 7: Contour maps of temperature predicted by de Vahl Davis [2] for Ra=103 to 106
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Figure 8: Geometry for one-dimensional convection/diffusion problem
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1.

ABSTRACT

The Commission of the European Communities (CEC) is promoting study and research on the
hydrogen risk in water-cooled nuclear power plants. This activity, known as the "Hydrogen"
Project, is involving many organisations from several European countries. To coordinate such a
multi-partner contract means ensuring that the project is dealt with consistently by following
some general safety principles and a homogeneous view of the various aspects of the problem.
This paper presents the coordinator's opinion on a strategy to assess hydrogen risks, to
investigate and understand the related phenomena and to provide mitigative measures. Research
and study can thus be harmonized into a single consistent programme and suggestions for future
activities can be made in a logical framework.
2.

INTRODUCTION

In water-cooled nuclear reactors, hydrogen may be generated during a severe accident and a fast
combustion may occur when hydrogen comes into contact with the oxygen of the containment
atmosphere. Although the likelihood of a severe accident is very low in a nuclear power plant,
the hydrogen problem is important in safety analysis, because deflagrations or detonations may
jeopardize the containment's integrity and cause the release of fission products from the failed
containment.
Research is being carried out all over the world to learn about hydrogen mixing and combustion
mechanisms and to set up measures that can prevent or mitigate the consequences of hydrogen
explosions. The European Union (EU) is partially funding a Reinforced Concerted Action
(RCA) involving several European organisations within the Third Framework Programme. The
first contracts started on December 1st 1992 and the last will end on June 30th 1995.
Nine organisations from five countries cooperate in the Hydrogen Project, coordinated by Prof.
Fabio Fineschi of the University of Pisa, Italy:
• Forschungszentrum Jiilich (KfA), Germany,
Institut fiir Sicherheitsforschung und Reaktortechnik (ISR);
• Framatome, France (associated contractor of Siemens);
• Gesellschaft fur Reaktorsicherheit (GRS), Germany;

•
•
•
•
•
•

Kernforschungszentrum Karlsruhe (KfK), Germany,
Institut für Neutronenphysik und Reaktortechnik (INR),
Institut für Reaktorsicherheit (1RS);
National Nuclear Corporation (NNC), England;
Siemens AG KWU, Germany;
Technische Universität München, Germany,
Lehrstuhl für Reaktordynamik und Reaktorsichereit;
Universita degli Studi di Pisa, Italy,
Dipartimento di costruzioni meccaniche e nucleari;
Universitad Politécnica de Madrid, Spain,
Escuela Técnica Superior de Ingenieros Industriales.

Each organisation proposed some research to the CEC, from studies they were going to make in
the "hydrogen" field and whose results they were ready to share with other partners. The
coordinator of the project then suggested possible modifications to the proposals, to make the
work more efficient and useful for all the countries involved. On the basis of the coordinator's
advice, the CEC decided which proposals were worth financing and how much the CEC should
fund.
The coordinator outlined the programme to make it consistent with a strategy against the
hydrogen risk, a strategy based on the defense-in-depth principles of safety. This outline
naturally reflects the experience that the coordinator has acquired in years of study and research
in this field and in many international meetings. The following are personal opinions that in no
way bind the Commission of the European Communities, nor the countries and organisations
involved.
3.

THE HYDROGEN PROBLEM

During an accident in a water-cooled nuclear reactor, hydrogen is chiefly produced by metalwater reactions at high temperatures, but also by core-concrete interaction, radiolysis and
corrosion. Hydrogen and steam are released into the safety containment. The timing and
magnitude of the H2 generation (or generation of other combustible or inert gases, e.g. CO and
CO2) affect the gas chemical composition inside the containment (in particular, the H2
concentration) and, as a consequence, the combustion risks. However, hydrogen generation is
not treated by the Hydrogen Project, because it is related to phenomena studied by other RCA
projects.
The hydrogen-air-steam mixture in the containment is flammable when it is able to sustain the
propagation of a combustion which has been initiated at a point by an adequate energy source (a
spark is enough). For this to happen
1) the production rate of energy and free radicals by combustion must be sufficiently high, i.e.
the gaseous mixture must be sufficiently reactive;
2) the mechanisms of free radical and energy transfer from the reaction zone must be so
efficient that they can cause the ignition of the adjacent unburned gas layer.
The reaction front (flame), which separates the still cold unburned gas from the hot burned gas,
advances in the gas as a wave. The speed of the flame increases in proportion to the increase in
the production rate and the transfer rate of free radicals and energy towards the unburned gas.
The transfer of heat and radicals to solid or liquid surfaces becomes particularly high when the
flame comes into contact with them and may cause the elimination of part of the energy and the

free radicals which are needed for the flame to spread. This might prevent or interrupt the
explosive process, if the mixture is not sufficiently reactive, because it is not near enough to the
stoichiometric composition or because it has been diluted too much with inert gas. The heat
capacity of the inert gas reduces the increase in temperature and thus the reaction rate.
The limit volumetric concentrations for which a flame can propagate in an H2-air-steam mixture
are called flammability limits: 4-5% for hydrogen, if the mixture is lean in fuel, and 5-6% for
oxygen, if the mixture is rich. The geometry of the containment, and the temperature and the
pressure of the mixture prior to combustion have little influence on them, at least within certain
limits (up to 450 K and 5 bar).
Two different flame propagation mechanisms are theoretically possible for any flammable
mixture:
• Deflagration: the flame has a subsonic speed and the energy is fundamentally transfered
from the flame to the unburned gas as heat. If the flame advances slowly (a few meters per
second) in a closed vessel, the pressure rises uniformly, according to the global energy
balance.
• Detonation: the flame speed is greater than the sonic speed (thousands of meters per second)
in the unburned gas and the energy is transfered as work energy by the shock wave which
accompanies the combustion wave.
In reality, many intermediate flame speeds are possible and can be accompanied by shock waves
of different strengths.
When the chemical composition of the mixture is close to the flammability limits, there is
virtually no chance of a detonation and in a closed vessel the theoretical, adiabatic and complete
combustion overpressure is not very high (it is proportional to the molar density of the deficiency
reactant) and causes static loading on the containment structure. Furthermore, in a real "slow"
(or "weak") deflagration the overpressure is further reduced because
• the low burning velocity gives enough time for part of the gas energy to be transfered to the
containment walls during the flame propagation;
• the flame may quench when it comes into contact with solid or liquid surfaces before the
reaction has involved the whole volume of the containment, thereby preventing the
combustion from being completed;
• the speed with which the burned gas, which has a lower density than the unburned gas,
moves upward due to gravity, may be, for not very reactive mixtures, greater than the flame
speed; thus downward flame propagation may be made impossible.
When the reactivity of the mixture increases, so too do the flame speed and the maximum
pressure. The combustion tends to become more adiabatic and complete because the time
available for the heat transfer to the walls decreases and the flame propagation becomes more
isotropic. Similar effects to those of an increase in mixture reactivity are due to the increase in
turbulence caused by fans, by obstacles to the expanding gas flow and by strong jets of hot
burned gas into the unburned gas. In fact, the area of the interfacial surface between the burned
and unburned gas increases because the reaction front folds, and both heat and mass can be
transfered also by eddy diffusion.
When turbulence increases the flame speed, the velocity of the unburned gas in front of the
combustion wave increases as well as turbulence. This positive feedback creates accelerating
flames and, as a consequence, shock waves and dynamic loads (explosion). So deflagrations can
become strong or even a deflagration-detonation transition (DDT) may occur. In these cases, the
strengths of the shock waves may become very dangerous for the integrity of the containment
and safety related equipment.

For slow deflagrations, the overpressures between communicating compartments depend on the
balance of the expanding rate of the burned volume and the gas flow rate through the
communication openings. Shock waves, on the other hand, cannot be affected by openings,
because their speed is higher than the speed of sound and in front them the unburned gas is not
moved by an expanding burned gas.
4.

DEFENSE IN DEPTH AGAINST HYDROGEN

A strategy for dealing with hydrogen risks should be based on three main rules according to the
defence-in-depth principles:
1) Hydrogen-oxygen mixtures must be avoided in the reactor containment.
2) If there is hydrogen and oxygen in the containment, combustion must be avoided.
3) If combustion is possible, then strong explosions must be avoided.
Today, the theoretically possible 4th rule - "If strong explosions are possible, containment
structures and safety related equipment must withstand the related dynamic loads" - is not
considered by the Hydrogen Project, even for containments of new design. In fact, designing
against strong explosions would be very difficult and unreliable, if it were "realistic"; while the
containment system would be too expensive, if designing were "conservative". For this reason,
the final objective is to avoid strong dynamic loads and the research on the possible methods of
designing the containment structures against dynamic loads is a matter for another RCA, the
Containment Project
The measures against the hydrogen risks will be briefly described here to explain the objectives
of the Hydrogen Project programme in more detail. It is up to each country, and not to the EU,
to decide the measures that are practicable for technology and safety, and are the best for its
plants. The Hydrogen Project is cooperating with IAEA (International Atomic Energy Agency)
in order to write a document on "Hydrogen Mitigation in Water-Cooled Power Reactors", where
all mitigation measures will be thoroughly described and compared.
4.1

Prevention of hydrogen-oxygen mixtures

Hydrogen-oxygen mixtures could be avoided inside the containment through the application of
one or more of the following measures:
• preventing accidents and excessive overheating of fuel cladding;
• making use of materials that cannot be oxidized by steam at high temperatures;
• pre-accident inerting, i.e. replacing air with nitrogen during normal operation;
• post-accident inerting with an early venting, i.e. replacing air with N2 or CO2 just at the
beginning of the accident while radioactivity is still negligible inside the containment.
Some measures related to the first level of defense are not always suitable or successful, because,
for example, it is not possible:
• to exclude all possibilities of accidents or overheating;
• to find materials for the core internals that are absolutely inoxidizable by steam at high
temperatures;
• to pre-inert large containments where air brethability must be assured because equipment
must be serviced frequently;
• to eliminate generation of hydrogen and oxygen by radiolysis.

Moreover, with reference to post-inerting with early venting, we do not know as yet the answers
to some questions:
• can early venting definitely be stopped before reaching dangerous radioactivity levels?
• can a fast injection of liquid nitrogen or carbon dioxide at a very low temperature generate
such efficient stratification effects that air is totally replaced during the short period of the
early venting?
•

can the very low temperature of the inert gas jeopardize safety related equipment?

For these reasons, a second level of defense is necessary.
4.2

Prevention of combustion

Combustion cannot propagate if at least one of the two reactants is below its flammability limit.
The second level of defense tries to maintain the containment atmosphere non-flammable,
through
• mixing hydrogen with a large amount of air;
• recombining hydrogen (or oxygen in inerted containments) with thermal or catalytic devices.
• injecting inert gas to dilute hydrogen ("dilution") or oxygen ("post-inerting") below their
respective flammability limits;
Mixing may be achieved by natural mechanisms (convection, diffusion) and/or engineered
systems (dampers, high point vents, sprays, fans, coolers, ventilation systems). Mixing (together
with recombiners for the long-term control of the radiolytic hydrogen) can only prevent
deflagration if the amount of hydrogen is small (Design Basis Accident) and the containment is
large. However, mixing processes provide the context for the action of all mitigation measures
and an analysis of mixing processes is a key aspect in the hydrogen problem.
The new passive catalytic recombiners, that are currently being marketed, seem to be able to
cope with higher generation rates of hydrogen than the old active thermal recombiners, because
more units can be installed at the same cost and in the same space. Therefore, they can also
prevent flammability in some less severe accidents, if the hydrogen generation rate is not too
high when the hydrogen concentration is close to the "lean" flammability limit. Recombining is
also required in inerted containments, to eliminate hydrogen before venting.
If the injection of inert gas is not enough to maintain the mixture non-flammable, the consequent
deflagration may cause a higher final pressure, because the initial pressure is higher.
Among these combustion preventive measures, only post-inerting (+ recombiners) could
theoretically solve the hydrogen problem in any accident, but its adequacy in terms of the safety
requirements has yet to be proved, because it brings venting forward and may jeopardize safety
related equipment if the temperature of the carbon dioxide is too low. Halogenated carbonhydrogen compounds (Halons) would have the best inerting characteristics, but Halons destroy
ozone and cannot be produced any more; moreover, their corrosive properties would be
dangerous for safety related equipment. A preventive partial pre-inerting, which means an
oxygen dilution above the breathability limit or pre-inerting of some parts of the containment,
could minimize the post-inerting disadvantages, but it is difficult to ensure breathability
everywhere, because of inert gas pocketing, or to isolate parts of the containment.
Reliable values of the flammability limits for hydrogen-air-steam mixtures are only available for
temperatures of 473 K or lower [Stamps 1988]. Autoignition temperatures, flammability limits
and diffusion flame stability of H2-CO-air mixtures diluted with steam and CO2 need to be

established at elevated temperatures [Stamps 1989]. Very high temperatures could be in cavity
due to core-concrete interaction, or in the vicinity of the hydrogen-steam release point from the
primary system, or in other zones because of direct containment heating.
For all these reasons, a third level of defense is necessary, except in inerted containments.
4.3

Prevention of explosion

If the gas mixture composition approaches the stoichiometric H2/O2 ratio, and there is not
enough inert gas for the mixture to be non-flammable, a possible propagating flame front can
accelerate so that dynamic loads can add to the static loading due to the combustion
overpressure.
All measures that reduce the volumetric concentrations of the reactants (dilution, recombining,
etc.) are also useful for avoiding explosions, but the fastest method to eliminate hydrogen is a
deliberate deflagration as soon as the mixture becomes flammable so that the static overpressure
and the likelihood of accelerated flames are as low as possible (weak deflagration). The burning
rate of a deflagration is always higher than the generation rate of hydrogen, even if the
deflagration is "slow". Active (glow and spark plugs) and/or passive (catalytic) ignitors can be
put in several locations inside the containment, obviously if structures are sufficiently strong and
safety related equipment is fire-proof.
The location of the ignitors is a critical parameter for burning all hydrogen that is flammable at
the ignition instant, for preventing flame acceleration, and for avoiding pockets of very reactive
gas and standing flames near important pieces of equipment or structures.
Ignitors do not increase the likelihood of deflagration, because at some moment a spontaneous
ignition will certainly occur in a flammable gas mixture, but they do increase the likelihood that
a possible deflagration is weak. For this reason, a deliberate ignition system cannot worsen the
accident development and it can be automatically started up.
However, the success of deliberate ignition cannot be assured in all situations, even if the ignitors
have been correctly placed in the containment. The main uncertainties are:
• Deliberate ignition could increase the likelihood of simultaneous ignitions in two or more
points in the containment. Turbulence generated by one flame could, theoretically, accelerate
another flame that is simultaneously propagating and facilitate a deflagration-detonation
transition. This phenomenon has never been observed in experiments (tests were made in
vessels with volumes up to 3 x 103 m3).
• The ignitors located in the vicinity of a pipe rupture could be damaged by missiles and may
fail to function. Hence, hydrogen could only be ignited if it has spread to ignitors that have
been installed at more remote locations. This would result in a flame propagating from lean
mixtures into areas with richer mixtures. Flame front acceleration together with local
turbulence may increase the potential for local detonations.
• The gas mixture may be initially inerted by steam and may later burn when the mixture
composition is near the "rich" flammability limit, where the deflagration overpressure and
likelihood of explosion are higher than near the "lean" flammability limit. In this case, the
pressure might be higher than the failure pressure of the containment.
• High temperatures could increase the likelihood of explosion near the flammability limits as
well.
• The consequences of an explosion on a structure or piece of equipment are partially
unpredictable.

Moreover, some time must pass before the gas mixture becomes flammable and the deliberate
ignition system can intervene. In other words, if deliberate ignition is the only measure against
hydrogen, in a less severe accident there would not be safety intervention until the accident has
degenerated!
For all these reasons, an ignition system can be a good third level of defense, after combustion
preventive measures have been taken (for example, recombiners); however, if possible, ignitors
should not be the only mitigation measure. Recombiners can increase the chances of success of
deliberate ignition, by reducing the number and size of possible pockets of more reactive
mixtures.
Another measure against DDT is the injection of carbon dioxide. We can estimate how much
CO2 has to be injected on the basis of experimental tests carried out in small volumes, but we do
not know whether scaling effects could modify these data in large containment volumes [OECDNEA 1992, Mercx 1993].
5.

MITIGATION ASPECTS FOR NEW PLANT DESIGN

In order to eliminate all hydrogen problems, water should not be in the reactor core, either as a
moderator or as a coolant, in normal and accidental conditions. Another radical solution is to
have a containment without air (pre-inerted), but only boiling water reactors (of the water-cooled
reactors) are compact enough to be contained by small containments where there is no equipment
that needs servicing. What type of reactor to install depends on weighing up many other
advantages and disadvantages, thus the hydrogen problem may also remain for new plants.
5.1

Preventive and Mitigative Methods

Future plants will have novel designs for reactor core cooling to prevent or limit degraded core
accidents and hydrogen generation. Severe accidents will, in any case, always be taken into
account in plant safety analysis, even if there is less chance of them happening.
The practicability of new alloy compositions that cannot be oxidised fast by high temperature
steam still needs to be proved. The volumes of the new containments cannot be so large and
mixing so effective that hydrogen will remain below its flammability limit, even if multiple
modular reactors are located inside one containment alone. Ignition sources cannot be eliminated
with certainty, because of the very small energy which can ignite a flammable hydrogen-air
mixture.
The mitigation measures discussed in the previous chapters are also valid and sufficient for new
plants. Their capacity and/or reliability may increase in the future, particularly of catalytic
recombiners. Today, other ideas would not seem practicable.
5.2

Containment Design

The greatest chance for the new plants is a containment design such that the structure strength,
the compartment geometry and the equipment layout are consistent with the mitigation measures
adopted.
The geometry and layout might allow us to make a better prediction of mixing in order to locate
correctly recombiners, ignitors or nozzles for inert gas injection.

The geometry and layout could also reduce the likelihood of flame acceleration and the onset of
detonation:
• volumes with one dimension (i.e. the dimension along the possible path of the expanding
unburnt gases) much greater than the other ones should be avoided;
• the openings between compartments should be large and not obstructed by equipment and
grids;
• ignitors should be located near the openings to avoid jet ignition;
• large amounts of venting transverse to the flame path hinder flame acceleration;
• obstacles should not be closely and regularly spaced;
• deadening materials or structures could cover the walls.
The structures should withstand the pressure due to post-inerting or due to the combustion of all
the hydrogen that can accumulate inside the containment compatibly with the mitigation systems
installed. In both cases, the maximum pressure is higher when the temperature of the
containment atmosphere is higher. The new containment should have very effective systems to
remove heat and to reduce the temperature needed to transfer the power generated inside the
containment; this does not however include the power of a possible deflagration which is
obviously too high.
Metal foil inserts are now used in some applications (e.g. some aircraft fuel tanks and flammable
liquid storage tanks) to absorb combustion energy and thereby limit flame speeds and pressures.
The feasibility of deploying some types of flexible metal ribbons/foil arrays or other materials,
such as ceramic fibre or mineral wool blankets, from the ceiling of a containment (including
large internal compartments) during a severe accident might be discussed in the future, but
hydrogen's sensitivity towards flame acceleration by obstacles is greater than other combustible
gases.
New filtered venting schemes seem more promising for providing an early venting with postinerting than for mitigating deflagration overpressures. However, venting is ineffective against
detonation.
6.

THE CEC HYDROGEN PROJECT

The objectives of the present RCA programme on "Hydrogen" of the Commission of the
European Communities are to assess the present knowledge of hydrogen related phenomena in
water-cooled nuclear reactors, to improve modeling techniques and to investigate measures to
reduce the risks resulting from hydrogen. Progress in calculating the amounts of hydrogen
produced during an accident has been entrusted to other RCA projects.
Table 1 shows a summary of the present and future activities of the Hydrogen Project and the
organisations that will carry them out.
6.1

State of the Art

Present knowledge on hydrogen problems is being critically assessed to produce a framework
within which key uncertainties affecting Hydrogen problems in Nuclear Power Reactors can be
addressed.
The 1991 CEC/IAEA State of the Art Report [CEC 1991] concerning hydrogen distribution and
combustion phenomena is being reviewed. Moreover, a document on mitigation is being written
jointly with IAEA.

Table 1
1993-95 Programme of the CEC Hydrogen Project
Objects
DISTRIBUTION
PREDICTION
(natural mixing)

COMBUSTION
PREDICTION

Current programme 1993-94
[organisations]

Refuelling programme 1994-95
[organisations]

• Validation of "lumped parameter" codes on
• State of Art Report (SOAR) [NNC].
the basis of NUPEC tests [NNC].
• Validation of "lumped parameter"
codes on the basis of Battelle • Calculations of H2 stratification in the upper
Containment Model (BCM) and HDR
dome of a real containment with a "field"
tests [NNC, Siemens].
code [Framatome].
• Validation of a "field" code on the • Validation of a 3-D code on the basis of
basis of BCM tests [Framatome].
BCM, HDR, Phoebus tests [KfK].
• SOAR [Univ. Pisa, GRS]

Slow deflagrations

• Development and validation of a code • Semi-empirical evaluations of burning rates
on the basis of tests in a vented glass vessel
for semi-empirical evaluations of
[Univ. Pisa].
burning rates in vented compartments
• Development of new more accurate models
[Univ. Pisa].
for simulating deflagrations in multi• Post-calculations of BCM tests with
compartment containments with "lumped
available deflagration
models
parameter" codes [Siemens].
[Siemens].

Fast deflagrations

• Development of 3-D codes to evaluate fast
deflagrations in complex geometries [KfK].
• Experiments in small and large scales for
code validation [KfK].

DDT

• SOAR, test analysis, scaling analysis,
modeling, software development [KfA].
• Experimental evaluation of the "minimum
energy" to start detonation [KfK].

MITIGATION
Inerting

• SOAR [GRS, Univ. Pisa, Siemens]
• Analytical simulations of post-inerting • Probabilistic sensitivity analysis of postin
large
containments
inerting simulations [Univ. Madrid].
[Univ. Munich].
• Evaluation of inerting procedures in
containments with a new design
[Univ. Pisa].

Recombining and
deliberate ignition

• Development, installation and application of
ignitor and recombiner models in "lumped
parameter" codes [Siemens, Univ. Pisa].

PROBABILISTIC
RISK
ASSESSMENT

• Development and application of a general
methodology for the assessment of the H2
risk and the effectiveness of mitigation
measures [NNC, Siemens].

6.2

Study and Research (S&R)

The Hydrogen project aims at providing a more reliable background of knowledge to assess the
adequacy of mitigation measures in avoiding a global strong deflagration or detonation through
• hydrogen dilution: natural and engineered mixing, pre- and post-inerting;
• hydrogen removal: recombiners and ignitors.
The flammability of a gas mixture and the burning rate of a flame depend on the chemical
composition of the gas mixture. Hence knowledge of the distribution of hydrogen, oxygen,
steam and other inert gases in the containment volume is essential to make reliable predictions
about the damaging effects of a combustion. Damage may increase if the combustion wave
propagates in a non-uniform medium towards more reactive zones or if it meets obstacles,
openings between compartments or turbulent eddies generated by fans or venting systems.
Distribution and combustion models will be developed according to their complexity (lumped
parameter codes, field codes, 3-D codes) and degree of advancement. They will be validated
with distribution and combustion tests from the Battelle Containment Model (BCM), HDR and
NUPEC.
By comparing the outputs of different codes and the available experimental data, we will be able
to identify:
• the areas of study that are crucial for predicting hydrogen distribution and combustion;
• the factors which appear to influence code accuracy (for example, the estimates of buoyancy,
heat transfer and burning rate);
• the degree of accuracy needed for each area;
• the test and validation processes needed to improve the predictive capabilities.
An ad-hoc code, NEVE, is being developed to assess the burning rate of slow vented deflagration
tests; the code will be validated with tests carried out in the glass vessel of a small scale facility,
VIEW.
Theoretical and experimental activities will be carried out on fast deflagration and deflagrationdetonation transition (DDT):
• Codes will be developed for simulating turbulent reactive flow and strong gas dynamic wave
processes in complex geometries, and to describe flame acceleration mechanisms on the basis
of experimental observations in small scale. The effects of hydrogen concentration, obstacles
and the position of the ignitors will also be investigated with large scale experiments of fast
deflagrations.
• The mechanisms of DDT will be studied through a review of analytical models and
experiments, scaling analysis and proposals for fundamental and semi-empirical models.
Small scale tests will be carried out to identify what circumstances can turn a fast
deflagration into a stable detonation.
The consequences of the dynamic loads on structures are being evaluated in another project, the
Containment Project.
Calculations of the injection flow rates and of the total amounts of inerting gases (nitrogen,
carbon dioxide) will show which quantities are sufficient to inert large full-pressure containments
or containments with a new design (parameters: uniform or non-uniform gas distribution, steam
concentration, etc.). The post-inerting effects will be investigated in connection with the
distribution of gas composition, pressure and temperature (parameters: different locations and
numbers of the injection points, injection flow rates, etc.). Various post-inerting systems and

procedures will be compared by taking into account the ultimate pressure of the containment, the
injection temperature, chemical corrosion, etc., and the safety characteristics, whether active or
passive. Possible signals will be investigated that can be used to start post-inerting and to assess
the usefulness and feasibility of combining post-inerting with recombiners to control oxygen
generated by radiolysis. The pros and cons will be further assessed by simulating post-inerting
transients, followed by a sensitivity analysis with advanced Montecarlo sampling techniques, to
verify the effects of uncertainties in parameters and properties on the results obtained from the
simulation code.
The recombining effects on the distribution of the gas concentrations, on the pressure and on the
temperature in accidental conditions will be further investigated, taking into account the
experimental tests. On the other hand, also the capacity of the recombiner is affected by mixing
due to the buoyancy forces caused by recombining itself. The available data are being reviewed
and analysed about the start-up times and the steady-state recombining rates as well as the
stability and the reliability of the present catalytic and thermal recombiners for forced flow
and/or natural convection. The combination of recombiners with other prevention and mitigation
systems (inert gas injection, ignitors) will also be investigated.
A general probabilistic methodology to combine experimental data, computer generated results
and expert judgement will be applied to the complex phenomena associated with the production,
distribution, combustion and mitigation of hydrogen. As an example, the hydrogen risk will be
assessed with this method in a particular nuclear plant.
7.

INTERFACES WITH OTHER RCA PROJECTS

There are seven other RCA Projects on Fission Reactor Safety of the Third Framework
Programme, besides the Hydrogen Project (H2):
• Core Degradation (CORE);
• Reactor Pressure Vessel (RPV);
• Molten Fuel Coolant Interaction (MFCI);
• Molten Core Coolant Interaction (MCCI);
• Source Term (ST);
• Containment (CONT);
• Accident Management Support (AMS).
Table 2 shows the possible exchanges of information between the various groups.
7.1

Hydrogen Generation

The timing and magnitude of the H2 generation (or generation of other combustible or inert
gases, e.g. CO and CO2) affect the gas chemical composition inside the containment (in
particular the H2 concentration) and, as a consequence, the combustion risks. Nevertheless,
hydrogen generation is not treated by the H2 Project, because it is related to phenomena studied
by other projects:
CORE Project - Steam oxidation of core materials before, during and after core material
relocation, reflooding and quenching.
MCCI Project - Reduction of the steam mixed with molten fuel and structure materials during a
possible molten corium-concrete interaction.

The contribution of radiolysis to hydrogen generation is not significant when the accident is very
severe and the containment is not inerted. The evaluation of the oxygen (more than the
hydrogen) generated by radiolysis may be important in the future, if post-inerting proves to be
suitable for the largest containments as well. In any case, the results of the ST Project will be
essential to assess the radiolysis generation rate of hydrogen and oxygen.
7.2

Hydrogen Distribution and Heat Transfer Assessment

Thermal-hydraulics is another parameter which affects the distribution of the combustible and
inert gases in the containment, as well as the distribution of radioactive substances, pressure and
temperature. Therefore, in this field, the H2 Project has the same interest as the CONT Project
(and perhaps the ST Project) and contact between the people involved will be organised.
7.3

Prevention and Mitigation of Hydrogen Combustion and Explosion

The gas injected into the containment, to prevent any hydrogen combustion with a post-accident
inerting system, can have chemical effects on the fission product behaviour. Moreover, postinerting could bring forward containment venting and the release of radioactive substances into
the environment. For these reasons the final assessment on post-inerting should be made after a
discussion with the members of the ST Group.
The start-up of some systems to prevent or mitigate hydrogen combustion or explosions, such as
post-inerting or deliberate ignition, may be more or less appropriate according to how the
accident evolves. The AMS Project's views on the capacity of having at any time a correct
picture of the thermodynamic conditions inside the containment (the pressure and chemical
composition of the gas mixture are particularly important) might be crucial for accepting or
rejecting these systems.
Table 2
Synoptic table of interactions between H2 and other CEC Projects
(symbols: gives to It / wishes to receive from U-)
Projects

H2

CORE

IT H2 production rate by metal-water reactions.

MCCI

It H2 production rate by a core-concrete interaction.

ST

ft H2 production rate by radiolysis + gas distribution models + aerosol
concentration and size + radioactive field.
II Gas distribution models + deflagration overpressure and overtemperature +
data on H2 mitigation systems affecting the radioactive release from the
containment.

CONT

ft Heat transfer coefficients.
JJ Deflagration overpressure and overtemperature + detonation possibility.

AMS

ft Reliability of thermodynamic measurements inside the containment.

7.4

Hydrogen Deflagrations and DDT

The ST Project will analyse the hydrogen combustion effects on the fission product behaviour,
but in future the H2 Group should reconsider the effects of the aerosol and the radiation field on
the ignition, gas flammability and flame propagation, according to the assessment of the ST
Group on the concentration, size and properties of the radioactive substances in the containment.
The H2 Group will attempt to identify the conditions for DDT and to provide a methodology to
assess the probability of a hydrogen detonation in a nuclear reactor containment with and without
mitigation measures. Moreover, the shock waves generated by a fast deflagration in a complex
multi-compartment geometry and with a possible non-uniform gas distribution could be very
different from a steady detonation wave, as well as the loads on the equipment and the
containment building. A future collaboration with the CONT Project might be necessary.
8.

SUGGESTIONS AND CONCLUSIONS

The current RCA programme on "Hydrogen" will probably not succeed in giving a final answer
to the many questions that are faced by the partners. At the end of the contracts (June 1995) we
will know the results and consequently the questions that should still be investigated.
The Hydrogen Project does not in any case deal with all hydrogen problems. We have already
spoken about the still partially unknown effects of carbon monoxide and dioxide, particularly at
high temperatures, on flammability limits, detonation onset and flame stability of H2-air-steam
mixtures, but the most important objective of future work should be to identify reliable scaling
techniques to relate small scale test results with effects occurring at realistic dimensions.
Many phenomena and mitigation devices concerning hydrogen are affected by scaling problems:
• Mixing and all mitigation features - All processes expected within the containment during
hydrogen dominated situations are affected by the spatio-temporal distribution of the
composition of the mixture. In present containments, mixing depends on natural convection
within large complicated compartments with different distributions of structures, obstacles,
heat sources and sinks. Similarities between an experimental test arrangement and the
containment compartment to which the test results should be extrapolated must be discussed,
in order to verify the reliability of the code validation process carried out on the basis of
those experimental tests.
• Recomhiners - The present evaluations of the recombination rate of passive recombiners are
based on experimental data of decreases in H2 concentration, obtained during recombiner
operation in relatively small volumes [Heck 1992, EPRI 1993]. The mixture composition
was uniform in the test vessels, because of the convective flow generated by the recombiner
itself. In larger volumes, the recombiner might not be able to ensure a perfect mixing and its
actual capability might be different from the experimental one.
• Ignitors - Experience shows that effects of partially confined deflagrations and explosions in
terms of flame speeds and overpressures are always reduced at smaller scales. Nevertheless,
geometrically scaled down experiments are obviously necessary because of their lower costs
and environmental impact. A CEC sponsored project [CEC 1993] was completed recently in
which eight institutions from five different European countries cooperated in order to
increase the understanding of the vapour cloud explosion mechanism. One of the objectives
was to validate scaling theories. Although hydrogen was not one of the gases tested, the
results could also be interesting for the Hydrogen Project.
• Ignitors and Dilution with inert gas - The possibility of a transition of deflagration to
detonation, with or without dilution by CO2, has not as yet been modeled while the chances
of a DDT have been proved to increase with scale.

The future RCA on "Hydrogen" must take into account the research programmes carried out by
other non-EU countries. For example, it could be very interesting to compare experimental
results on vented deflagrations obtained in two facilities geometrically very similar but very
different in size, the former (1 m 3 ) at the University of Pisa, Italy, and the latter (150 m3) under
construction at the AECL Laboratory in Whiteshell (Canada).
Although many aspects of hydrogen related phenomena remain to be studied, we can already see
the possibility of a hydrogen control in which heavy explosions could certainly be avoided by
combining different mitigation measures. The characteristics of a measure can be used for
balancing the disadvantages or the uncertainties of another measure, for example: mixing +
ignitors, recombiners + ignitors, recombiners + dilution. Study and research would be useful for
evaluating the best design, number and location of these devices, rather than finding new but
potentially impractical measures.
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SUMMARY
Introductory Statement: The purpose of this paper is to present a newly developed method,
based on statistical analysis, which allows one to cope with higher probabilities of trip initiation
"failures" than it is normally deemed "acceptable", while utilizing one ax uncertainty margins
as representative of the trip loop disturbances.
Effectiveness of CANDU trip systems is enhanced by the redundancy introduced by the two-outof-three (2/3) channel trip logic built into the system. As originally discussed in Ref. 1, due to
the 2/3 trip logic the probability of a successful trip initiation in the presence of trip loop
disturbances, is increased when compared with the probability of a trip initiation registered by
an individual trip channel, it means that any two out of the three logical channels D, E and F,
(say, e.g. channels D and E) must "fail" due to the excessive signal disturbances, to make the
parameter trip to "fail".
Utilizing the concept of equivalent trip setpoint shift it can be shown that, for the case of local
coincidence logic, the probability of successful trip initiation Par. TRTR2/;, is described by a
relation
P]PAR.TRTK2ly=

1 - 3- [1 - Fx(X)]2 • Fx(X) - [1 - F x (X)] 3 ;

where:
FX(X) si a cumulative probability distribution function of the equivalent trip
setpoint shift in a single channel, say channel D, in the unsafe direction i.e.,
FX(X) = P{XD < x } .
The probability P{Par.TRTR2/3} is greater than the probability of a successful trip initiation
registered by a single trip channel. This increased probability, calculated by Eq. 1 as a function
of shift in the effective trip setpoint, is shown in Fig. Al below for a case Normal (Gaussian)
trip loop disturbances.

As the graph shows, the probability of a successful trip initiation for the equivalent trip setpoint
shift of, say one <rx will increase from about 0.813 in the case of a single channel, to about
0.9325 in the case of 2/3 logic configuration.
Technical implication of this fact is that, if we use the one ax as an estimate of the trip loop
uncertainty margins (as it has been a common practise in existing CANDU safety analysis), the
probability of a successful trip initiation can be calculated as if the acceptable uncertainty
margins were of the magnitude of 1.5 ax, resulting in an increase of the available margins to
impairment, or tolerances.
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Preserving the fuel integrity is assumed as a safety criterion. The unsafe trip event USE
is therefore considered as an event where, regardless of the way in which the trip has
been initiated, the fuel integrity may be compromised during the transient that follows.
(c)

A successful trip initiation on the effective trip setpoint TSPeff; i.e. account is taken of
the effect of random loop disturbances and of the redundancy effect of the 2/3 trip logic,
on the process of trip initiation only.

In the process, simple relations have been developed which enable to calculate the increase in
the total probability of a safe parameter trip execution, proportionally to the amount of
conservatism in the safety analysis.
The relations show in analytical way that, due to the conservatism of safety analysis, the
probability of a successful total trip initiation is actually higher than expected for a trip initiation
based exclusively on the two-out-of-three trip logic. Numerical examples are included which
illustrate the method.
As a result, smaller uncertainty margins, of about one ax or slightly more, can be used as
representative of trip loop disturbances) in the trip analysis, while the sufficiently small
probability of the trip initiation "failure", of order between 10"3 and 10'4 is assured.
Conclusion: An essentially new approach has been developed which demonstrates that the "onesigma" band representing the estimated error in trip measurement loops (used so far in our safety
analysis) can be associated with a sufficiently high probability of trip initiation in the presence
of trip loop noise, provided that enough conservatism is built into in the related safety analysis.
In cases when the existing conservatism is not sufficient, the method allows to calculate the
probability of the corresponding trip initiation "failure" for the given (or calculated) measure of
conservatism and, for each individual trip parameter, enables to adjust the uncertainty margins
(for use in trip assessment) in such a way, that the required low level of trip "failure" probability
is assured.
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However, for the one ax uncertainty margin A the probability of a trip "failure" due to excessive
loop disturbances, even with the two-out-of-three channel redundancy, is 1 - 0.9325 = 0.0675,
i.e. about 7 percent. This is of an order of magnitude greater than it should be acceptable for
a trip failure. In fact, that "failure" probability should be of the same order (or smaller) as
the failure probability of major reactor control elements, which is between 10"3 and 10"4. In
order to achieve this level within the existing framework of trip analysis methodology, one
would have to increase the uncertainty margin A from one ax up to about (2.0 to 2.5) ox, which
in many cases would lead to unacceptable reduction in trip tolerances.
The present paper presents a totally new approach to this problem, by utilizing the concept of
Bayesian conditional probabilities and taking advantage of the inherent conservatism built into
the safety analysis.
A measure of the safety analysis conservatism is introduced in the form of conditional
probabilities of a safe trip event SE,
P ( SE | TSP > TSPLim) for a high trip, and P (SE | TSP < T S P L J for a low trip.
Statistical analysis of the total probability of safe parameter trip in case of random disturbances
affecting the trip loop is then carried out, employing the rules of conditional probabilities and
utilizing three levels of trip evaluation.
These three levels of evaluation are defined in the following manner:
(a)

A trip setpoint TSP can be either greater or smaller than its safety analysis limit TSPLim,
i.e.
( TSP > TSPLim ) OR ( TSP < TSPLim ).

(b)

A safe trip event SE represents a safe reactor shutdown event initiated at a given trip
setpoint TSP, provided the trip setpoint remains in a pre-specified relationship to this
analysis limit TSPLilll.
Therefore, the safe event SE is considered as a conditioned event, conditioned on the
relationship between the TSP and TSPLim, and we have two possible events:
( SE ! TSP > TSPLim ), OR ( SE j TSP < TSPLim ).
In the similar manner, we define the unsafe trip event USE as described by conditional
events
( USE | TSP > TSP, im ), OR ( USE | TSP < TSPLiin ).
In defining the SE and USE events we do not specify how the trip has been initiated.
Instead, we simply assume that once a trip parameter exceeds its TSP value (towards the
trip initiation direction), the trip action begins.
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1.0

ABSTRACT:

The purpose of the present study is to estimate the
amount of hydrogen that can be generated due to metal water
reaction following LOCA and Loss of ECCS in a 500 MWe PHWR.
A computer code HYGEN (Hydrogen Generation) has been
written in FORTRAN language which calculates time - dependent
fuel temperature during the post blowdown period and the amount
of hydrogen generated as a result of metal water reaction. It
is seen from the analyses that metal water reaction depends on
fuel bundle power, it's initial temperature and steam flow
condition. At present, four groups of channels have been
analysed for different steam flow condition and it is found
that, for about 5 grn/sec steam flow condition, maximum of
amount of hydrogen is generated (5.76 x 10* gm-mole) due to
Zircaloy — steam reaction.
This amount of hydrogen when considered mixed in volume
VI (drywell) of the reactor building, the global concentration
reaches to about 2.76*/. by volume. So, it is seen that in short
term, global hydrogen concentration in R.B is well below the
flammability limit of 47. by volume.
2.0

INTRODUCTION:

In reactor safety analyses, the dual failure accident
i.e. LOCA & loss of Emergency Core Cooling System (ECCS) is
considered as a limiting design basis accident from activity
release (from fuel) and metal-water reaction points of view.
The purpose of the present analyses is to estimate the amount
of hydrogen that can get generated in the short term due to
steam and Zircaloy reaction following LOCA & loss of ECCS.
A computer code HYGEN (Hydrogen Generation) has been
written in FORTRAN language for this transient analyses. The
code calculates time-dependent fuel temperature during the post
blowdown period and the amount of hydrogen generated due to
metal-water reaction. In the following sections, the accident
scenario and system modelling used for the analyses have been
briefly described. Subsequently the results of the analyses
have been presented and discussed.

3.0

ACCIDENT SCENARIO:

The accident postulated here is the coincident
of PHT pressure boundary (LOCA) and Emergency Core
System (ECCS).

failure
Cooling

Due to LOCA, the high pressure and high temperature
coolant comes out of the Primary Heat Transport (PHT) System
and partially flashes into steam. The containment pressure
rises due to flashing steam in the reactor building. Depending
on the size and location of the break, the reactor gets tripped
automatically on one of the several independent trip signals
like: high rate of log neutron power, high neutron power, low
PHT pressure and high building pressure. Simultaneously with
low PHT pressure signal, the fast acting isolation valves on
the pressure balancing line of PHT get closed automatically and
thus the intact PHT loop and the pressuriser get isolated from
the broken loop. This prevents loss of heavy water inventory
from the intact loop. Also, on receiving high building pressure
signal, containment will get boxed up by closure of building
isolation dampers. Also, Atmospheric Steam Discharge Valves
(ASDVs) & Condenser Steam Dump Valves (CSDVs) on steam line
will open in crash cool mode automatically. Hence, with steam
discharge from the steam generators, fuel cooling will be
achieved in the intact loop.
As the blowdown continues from the broken PHT loop and
the pressure falls, in the absence of ECCS, fuel starts heating
up after initial cooling by discharging coolant. Near the end
of blowdown period, the broken loop will have only steam and
the major heat transport mechanism is radiation from fuel to
pressure tube. As a result of this, pressure tube temperature
starts rising. The extent of heat removal from the fuel by the
flowing steam depends on the flow rate. Also depending on the
pressure and temperature, the pressure tube balloons or sags
and establishes contact with calandria tube and heat gets
transferred to moderator. Extensive studies and experiments
have been done on pressure tube-calandria tube contact [1,2]
phenomenon. It is seen that if the pressure in the broken loop
is still high enough and pressure tube is still hot, it tends
to expand radially (ballooning) and contacts the calandria
tube, thus establishing a large heat transfer path. However,
in case of large LOCA where system pressure falls rapidly, the
hot pressure tube eventually deforms by sagging and contacts
the calandria tube in a small elliptical patch around the
circumference at the bottom of the channel. In this situation,
contact area is small and hence heat rejection to moderator is
also relatively small. So in case of sagging, fuel temperature
rise is relatively high.
At high fuel and clad temperatures, steam reacts with
Zircaloy and hydrogen is formed along with exothermic heat.
This heat of reaction further tends to increase the clad
temperature. The Zircaloy-steam reaction rate is an exponential
function of clad temperature. Thus at higher temperatures, the
increase in hydrogen generation rate is even more rapid.
However, with increasing oxide layer cover, the reaction rate

of unoxidised Zircaloy gets reduced. After sometime, both
temperature and oxidation rate start falling. In the present
analyses, to estimate the maximum potential of
hydrogen
generation, a large LOCA event is considered.
4.0

SYSTEM MODELLING:

4.1

Modelling of Heat Transfer Paths:

For this transient analyses, a half channel has been
modelled along with inside fuel bundles and
surrounding
calandria tube. To represent the full core, the 392 channels
have been divided into four groups of channels depending on
channel power. Each group is separately analysed considering a
representative channel (5.39 MW, 4.87 MW, 4.26 MW & 3.25 MW) in
that group. The total heat rejected to the moderator is
calculated by adding rejected heat from all these groups of
channel for global moderator temperature rise calculation.
Fig.l shows schematic diagram of a channel crosssection and a channel in sagged condition. Each bundle has 37
fuel elements, placed in three concentric rings surrounding a
central element. It is assumed that each element within a ring
behaves in a similar fashion during the transient. Radiative
heat transfer from element of one ring to the adjacent ring
elements has been considered along with convective heat loss to
steam
flowing
through the channel. The
heat
transfer
coefficient between steam and fuel element varies with steam
flow rates. Dittus-Boelter equation is used for calculating
heat transfer coefficient. Each fuel element is
further
subdivided into five annular nodes across its cross—section
(Fig.2) to calculate radial temperature gradient within the
element. A constant gap conductance is used for heat transfer
between U0 = and clad. Clad is represented by an average
temperature.
The fuel bundle and the pressure tube are considered
concentrically placed without any contact. Similarly, radiative
heat transfer from fuel element to pressure tube and pressure
tube to calandria tube is modelled. In addition, convective
(annulus gap) heat transfer from pressure tube to calandria
tube is also considered. In case of pressure tube to calandria
tube contact, conductive heat transfer through the contact area
has been considered. In the present analyses, only pressure
tube deformation due to sagging is considered. Calculation is
done based on average temperatures of pressure and calandria
tubes.
No temperature variation along the perimeter
is
considered. At present, slumping of fuel bundle elements at
high temperature have not been modelled.
Subcooled single phase and nucleate boiling
heat
transfer coefficient between outer surface of calandria tube
and
the surrounding moderator has been considered.
The
subcooled, single phase heat transfer regime is assumed to
exist until calandria tube temperature is 5"C above moderator
saturation
temperature. For this regime,
heat
transfer
coefficient is determined by assuming the heat flux equal to

the nucleate boiling heat flux when calandria tube temperature
is 5*C above the moderator saturation temperature. The Rohsenow
heat transfer correlation is used for the nucleate boiling
regime until the critical heat flux is reached. For determining
critical heat flux for saturated water, Zuber correlation is
used which is modified to account for the effect of subcooling
(Thibault data) [3]. Correlations for transient-boiling and
film boiling region are still being incorporated in the
program. However, for the present case studies, it is found
that on the basis of average pressure tube and calandria tube
temperature (which is not high enough), critical heat flux is
not reached. Nevertheless, local contact temperature and its
effect on critical heat flux has to be looked into.
4.2

Metal-Water Reaction:

Baker-Just equation is used for calculating metal-water
reaction rate. For a given steam flow rate, the
program
calculates the clad oxidation at the first bundle and the
amount of steam consumed. The remaining available steam is
considered for the clad oxidation of next bundle and so on.
When all the steam is consumed, further oxidation is prevented.
For conditions of continued steam supply but negligible fuel
heat removal by steam (subsequently referred to as full steam
supply - F5S condition), oxidation calculation is carried out
for
all
the bundles without any limitation
on
steam
avai1abi1ity.
4.3

Fuel Failure Criteria;

In case of clad failure, oxidation from both outer and
inner surfaces of the clad has been considered. To calculate
clad failure condition, three different clad failure criteria
have been considered. These are burst criterion [4], oxidation
criterion (>17/i clad oxidation) and clad temperature criterion
01200*0 .
4.4

Pressure Tube and Calandria Tube Contact:

For calculation of temperature, pressure tube and
calandria tube have been modelled in segments equal to bundle
length. It is conservatively considered that, when pressure
tube temperature rises to 950*C, it sags and contacts with the
calandria tube in that segment, though in the reported test
results, a temperature of 850*C is mentioned [23. The width of
contact and contact conductance have been respectively taken as
5 cm and 6.5 watt/m=/"C as given in the published report.
4.5

Oxidation of Bearing Pads and End Plates:

For estimation of metal-water reaction of bearing pads,
and spacers, it is assumed that temperature histories of these
elements
are same as those corresponding to fuel
clad
temperatures.
For end plate oxidation
calculation,
the
temperature is considered same as that of pressure tube.
Similar to clad oxidation, Baker-Just correlation has been used
for estimation of hydrogen generation from these items.

5.0

ANALYSES:

5.1

As explained earlier, the analyses are carried out for
post LOCA condition when ECCS fails to operate. The
initial fuel temperatures would be that existing immediately
after LOCA. Temperature of fuel following LOCA, depends on
types of break and its location. Also, fuel temperature profile
across
the element cross-section tends to become
flat,
following LOCA. However, in the present analyses an initial
temperature, equal to the normal steady state average operating
temperature, has been considered for conservative estimation of
hydrogen generation. The
analyses are carried out in two
parts. In the first part, effect of different steam flows is
investigated on a particular group of channels (5.39 MW — max.
rated). In the second part, other groups of channels are
analysed for the selected steam flow rates, based on analyses
of first part.
5.2

A parametric study of fuel temperature and hydrogen
generation for seven different steam flow conditions
have been made for the first part of the analyses, involving
maximum rated (5.39 MW) group of channels. The different steam
flow
rates considered are 5 gm/sec to 35 gm/sec
with
intermediate steps of 5 gm/sec.
For the second part of the analyses involving other
groups of channels (ratings: 4.87, 4.26 and 3.25 MW), analyses
have been carried out for two steam flow rates of 5 gm/sec and
20 gm/sec.
5.3

Calculations have also been carried out for "Full Steam
Supply
(FSS) Condition" (Section 3.2) to
obtain
conservative results for all the four groups of channels.
5.4

As stated earlier, for the purpose of
half-channel has been modelled along
bundles and surrounding calandria tube. For
metal oxidation, the results of the analyses
have been doubled.

this analysis, a
with inside fuel
estimating total
for half-channel

Results of these analyses are discussed below.
6.0

RESULTS:

In
this section results of parametric study
of
different steam flow condition in a maximum rated channel
(first part) are discussed in subsection 6.1. Results of
analyses for other group channels (second part) are discussed
in subsection 6.2. In subsequent subsection (6.3), results of
total oxidation of Zircaloy in the core and
consequent
generation of hydrogen are discussed.
6.1
6.1.1

Maximum Rated (5.39 MW) Group of Channels:
Fuel Temperature:
The

variation

of

fuel

temperature

with

time,

as

applicable to the central elements of the 6th and 7th fuel
bundles, are shown respectively in Figures 3 and 4. The peak
values of fuel temperature and the bundle locations at which
they
occur, under different steam—flow
conditions,
are
indicated in Table-1. The peak fuel temperature (2237°C) occurs
at the central element of the 6th bundle, when the steam flow
rate is 20 gm/sec. Increase in flow rate to 30 gm/sec shifts
the peak (2234°C) to the central element of the 7th bundle.
However, this peak of 2234°C is marginally
lower than the
earlier peak. When the steam flow rate is increased to 35
gm/sec, the peak fuel temperature continues to occur at the 7th
bundle, while its value gets depressed to 2225°C. There is a
tendency for the peak fuel temperature to shift towards central
bundles, with increase in steam flow rate. In case of FSS
condition, the peak temperature reached is 2344°C which is the
highest among all the different steam flow condition. This is
due to the conservative assumption of unlimited steam supply
with negligible cooling effect.
Further, at lower steam flow rates, fuel temperature
for the central bundles (Fig.4 ) initially rises at a slower
rate, remains flat for sometime, before rapidly rising to the
peak value. This is because the amount of oxygen available for
oxidation
is less initially at these bundle
locations.
Subsequently, the oxygen consumption by bundles near the inlet
end reduces, thus improving oxygen availability for bundles at
central locations.
The variation of fuel temperature history with element
location from the central position to the outermost position of
the 6th bundle is shown in Fig.5. These histories correspond
to a steam flow rate of 20 gm/sec, which gives maximum fuel
temperature (2237*C) within the channel.
Maximum fuel temperature in the channel,
maximum
temperature across the section within the fuel
element,
quantity
of Zircaloy oxidised and quantity of
hydrogen
generated due to metal-water reaction are given in Table-1 for
different steam flow conditions. The bundle locations at which
maximum temperatures are reached are also indicated in the
Table. Results given are for the first hour of the accident.
6.1.2

Clad Oxidation:

Clad oxidation vs time, for different steam flow rates
as well as FSS condition, are presented in Fig.6. Amongst the
various cases with steam flow, the maximum quantity of clad
oxidised is 14.62 kg when the flow rate is 5 gm/sec (Ref.Table1). With 20 gm/sec steam flow rate (when maximum
fuel
temperature in the channel is reached), the total quantity of
clad undergoing oxidation is 11.65 kg. The extent of oxidation
reduces with increase in steam flow rate, when cooling effect
of steam flow is taken into account. For the conservative FSS
condition (where cooling effect is neglected), about 17.71 kg
of Zircaloy gets oxidised. It can be seen that most of the
reaction takes place within half-an-hour of the accident.
Subsequently,
reaction rate is negligible due to
lower

fuel/clad temperature. This is due to
temperature, considered in the analyses.
6.2

high

initial

fuel

Other Groups of Channels:

It has been seen from the first part of the analyses
(Section 5.1) for the maximum rated channel that the steam flow
rate of 5 gm/sec is of interest from maximum Zircaloy oxidation
and the steam flow rate of 20 gm/sec is of interest from
maximum fuel temperature considerations. Hence, the analyses
for other groups of channels (4.87, 4.26 and 3.25 MW) have been
carried out for these two steam flow rates only. FS5 condition
has also been analysed to obtain conservative results.
6.2.1

Fuel Temperature:

The results of the analyses indicate that peak fuel
temperatures and rates of fuel temperature rise for the
intermediate groups of channel (4.87 and 4.26 MW) lie in
between those for the maximum rated (5.39 MW) and minimum rated
(3.25 MW) groups of channels. In view of this, results for the
minimum rated (3.25 MW) channels are presented here. It may be
noted that the bundle location at which these parameters reach
maximum are not necessarily the same for all groups of
channels.
Figures.7A and 7B show variation of fuel temperature
in the central element of the third and seventh fuel bundles
respectively. It is seen that the temperature rise and fall are
smooth in the case of the third bundle, whereas they are
sharper as one proceeds towards the centre of the channel. This
trend is due to faster metal-water reaction attributable to
higher initial fuel temperature and bundle power rating in
these cases. It is also seen that at the location of the
seventh
bundle, with a steam flow rate of 5
gm/sec.,
temperature rise is small and it fluctuates in between. This is
attributed to the same reason of oxygen starvation at low steam
flow rate conditions.
Figure 8 shows variation of fuel temperature in the
outermost elements of the seventh fuel bundle. It is seen that
the rise in temperature is lower than that in the central
elements. This is because the outer elements are surrounded by
the relatively cooler pressure tube, thus enhancing heat
rejection (mainly radiative) by outer elements.
6.2.2

Clad Oxidation:

It was mentioned earlier that analyses have been
carried out for 5 gm/sec, 20 gm/sec and FSS condition. The
extent of clad oxidation in different groups of channels for 5
gm/sec steam flow rate are presented in Figure 9. It is seen
that oxidation is more in high power channels due to higher
initial temperatures and decay heat generation. There is about
30 kg of Zircaloy cladding in fuel bundles in a channel. So, it
is seen that percent of Zircaloy cladding oxidised in the four
different channels of power ratings of 3.25 rnw, 4.26 mw, 4.87

mw and 5.39 mw are 36.8"/., 40.9"/., 48.0"/. & 48.7"/.
respectively.
For
the most conservative assumption of
full
steam
supply
condition, the corresponding estimates are 49.8"/., 50.4"/., 51.7V.
& 59.0"/..
6.3

Overall Oxidation of Zircaloy and Consequent Total
Hydrogen Generation

Total amount of Zircaloy oxidised are 2.63 rig, 2.08 Mg
and 3.20 Mg for 5 gm/sec & 20 gm/sec steam flow rates and
full
steam supply
condition respectively. The Zircaloy
oxidised
includes
that in bearing pads, spacers, end plates, clad
(all
these in fuel bundle) and pressure tube. Oxidation
in
each
representative channel of the group has been multiplied by
the
number of channels in that group to obtain these results.
The total
quantity of hydrogen generated due to the
above mentioned amount of Zircaloy oxidation are 5.76
x 10",
4.56
x 10"* & 7.02 x 10"* gm-mole for steam flow rates of 5
gm/sec, 20 gm/sec and full steam supply condition
respectively
(Figure.10).
7
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GLOBAL HYDROGEN CONCENTRATION IN R.B:

The 500 MWe reactor design adopted vapour
suppression
pool type containment. This resulted in globally splitting
the
RB volume into two accident based volumes, volume VI
(drywell)
and volume V2 (wetwell). While high pressure and high
enthalpy
pipings are
contained in VI, volume V2 accommodates
pool
of
water
for steam quenching. During LOCA steam-air mixture
flow
through vent shafts from VI to V2 via suppression pool and
in
post LOCA condition when V2 pressure is more than VI
(due to
faster cooling of volume VI, by coolers), communication between
VI & V2 gets established and gradually air in volume V2 can
also participate in diluting hydrogen concentration.
However,
in the initial period, liberated hydrogen will get
accumulated
in
volume VI
(54,600 m 3 ) . So, maximum
global
hydrogen
concentration
has been calculated
assuming
uniform
mixing
within volume VI only. The concentrations, thus work out to be
2.76V. and
3.36V. by volume for 5 gm/sec and FSS steam
flow
condition
respectively. So, it is seen that in short
term,
concentration
of
hydrogen, due to the metal reaction
in
the
core, does not
reach the flammability limit of 4V. by vol.
However, possible local concentration, in pockets, has to be
looked into.
8.0

CONCLUSIONS:

The amount of
hydrogen and its rate of
generation
depends on fuel temperature and steam availability. It is seen
from the analyses that metal-water reaction depends strongly on
bundle power, initial fuel temperature and
steam
flow
rate
conditions. For higher rated fuel bundles near the centre of
the core, initial temperature and decay heat is high and so the
metal water reaction rate is larger compared to outer
bundles.

With increasing steam flow rate, peak fuel temperature reaches
at about 20 gm/sec but average fuel temperature in the channel
is higher for steam flow rate of 5 gm/sec which results in
maximum amount metal water reactor. In short term, global
hydrogen concentration in volume VI (2.76"/.) is found to be
below the flammability limit (47.).
9.0
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TABLE-1

STEAM FLOW RATE
(gm/sec)

:

05gm/sec

MAXIMUM AVERAGE
TEMPERATURE OF
FUEL ELEMENT (C)
LOCATION OF MAXIMUM
AVERAGE TEMPERATURE
(ELEMENT NO,BUNDLE NO)

2130.073

RESULT

FOR M A X . R A T E D

lOgm/sec

2203.194

( 5 . 3 9 MW) C H A N N E L

25gm/sec

15gm/sec

20gm/sec

2217.27

2236.7 5

2227.394

30gm/sec

35gm/sec

F.S.S

2234.232

2225.02

2344.46

1,6

1.5

1,5

1,6

1,6

1,7

1.7

1,7

TIME AT WHICH MAXIMUM
AVERAGE TEMPERATURE
REACHED (sec)

464.520

143.420

142.260

123.590

127.3394

120.410

122.66

102.430

MAXIMUM TEMPERATURE
WITHIN AN ELEMENT (C)

2146.289

2250.034

2269.741

2270.99

2275.65

2268.684

2278.93

2402.45

5.1,5

5,1,6

5,1,6

5,1,7

5,1,7

5,1,7

14315.67

14234.63

11645.2

11204.4

11012.8

8522.3

17706.2

313.85

312.07

255.3

245.64

241.44

186.84

388.18

LOCATION OF MAXIMUM
TEMPERATURE WITHIN AN
ELEMENT (NODE NO,
ELEMENT NO,BUNDLE NO)

5,1,6

AMOUNT OF CLAD OXIDISED 14617.27
(gm)
AMOUNT OF HYDROGEN
GENERATED (gm mol)

320.46

5,2,7

Note : Analysis f o r steam "flow r a t e of 2.5 gm/sec was also c a r r i e d
out and i t i s found t h a t peak
temperature
and
amount
of
hydrogen generated are lower
than
that
in
the
case
of
5 gm/sec steam flow r a t e .
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ABSTRACT
Hydro-Qu6bec, designed, constructed and commissioned the Simple Cycle, Gas Turbine
Becancour Power Plant at Gentilly in 1993. The above Power Plant consist of 4X86
MWe(+15°C) GE Gas Turbines located next to the 675 MWe Gentilly 2 Nuclear Station, and
is connected to the grid via the common Gentilly 2 switchyard.
This station provides "peaking power", in the winter, to the Hydro-Qu6bec grid. In addition,
each Gas Turbine is provided with "Black Start" capability to restore Class IV power, within
30 minutes of a loss of the grid, to the adjacent Gentilly 2 Nuclear Power Station. If any unit
does not start automatically, upon loss of grid, it can be remotely started by the Gentilly 2
operator's, from it's Main Control Room. Use of multiple/redundant Units permits operating
flexibility and also ensures that reliability performance requirements for restoration of Class IV
power are achevied. This document describes:
the problems associated with Loss of Class IV Power at Gentilly 2,
the alternatives evaluated; leading to implementation of the Becancour Project,
the project mission(s) and their impact on the design of the station
description of the power plant,
O&M structure to maintain reliability performance,
the "lessons learned".

1.0 Introduction
Hydro-Quebec, a public utility owned by the Quebec government, generates and
distributes almost all electrical power used in the Province of Quebec. Its power grid
has a generating capacity of about 33,000 MWe and is made up mainly of hydroelectric
power plants (about 94%). Most of these power plants are located in the northern part
of the province and are far removed from the main consumer centres in the south. The
remainder of Hydro-Que'bec's generating capacity is provided by a few gas turbine power
plants, the Tracy Thermal Power Plant (600 MWe) and the Gentilly 2 Nuclear Power
Plant (675 MWe).
To meet peak power requirements starting with the 1993 winter season, Hydro-Qu6bec
decided to complement its generating capacity with gas turbines capable of generating
approximately 300 MWe. Furthermore, since Hydro-Que"bec also wanted to improve the
reliability of power restoration to Gentilly 2 auxiliaries during grid failures, the utility
decided to build the B6cancour Power Plant on the Gentilly 2 site with a capability to
satisfy both of these requirements.
This paper contains a general description of Gentilly 2 electrical equipment and how it
is connected to the Hydro-Quebec power grid. It also summarizes the problems that led
to the construction of the B£cancour Power Plant as well as the various alternatives that
were considered to solve these problems. In addition to the various modifications that
had to be implemented at the Gentilly 2 Power Plant, this paper also describes the main
features of the B6cancour Power Plant and the significant problems and startup activities
required to ensure that the plant accomplishes both its missions.

2.0 Gentilly 2 Electrical Power Systems
2.1

Description
2.1.1 Gentilly 2 Internal Electrical Power Systems
The onsite power system design (figure 1) is based on safety and reliability required to
specifically meet the two following concepts:
the subdivision of power in classes according to reliability of supply;
the "odd" and "even" supply concept applied to the distribution buses to
provide redundancy of supplies and loads.

Power systems were thus classified into five (5) specific classes:
Class I: uninterruptible dc power supplies; Class I derives its power from
the Class III system through rectifiers or from batteries;
Class II: uninterruptible ac power supplies; Class II inverters derive their
power from the Class III system through rectifiers or from batteries;
Class HI: short term interruptible (minutes) ac power supplies; Class III
derives its power from the grid via two service transformers (Sll and
S12) and/or four (4) standby generators;
Class IV: interruptible (hours) ac power supplies; Class IV is supplied
from 230 KV grid via two service transformers (Sll and SI2);
Class 0: seismically qualified power from two (2) diesel generators for
common mode design basic events that could cause a loss of the above
classes.

2.1.2

Gent illy 2 Switchyard
The Gentilly 2 Nuclear Power Plant is connected to the "Mauricie Grid" forming
a part of the Hydro-Quebec grid system via four (4) 230 KV power lines
(figure 2). Offsite power to Gentilly 2 originates from three (3) sources: the
Nicolet and Trois-Rivieres sub-stations and the B£cancour Power Plant. Three
main power ties (735 KV) link the Nicolet sub-station to the main structure of the
Hydro-Quebec grid. The Trois-Rivieres sub-station is supplied mainly by the
hydroelectric plants on the St-Maurice River. The Becancour Power Plant is
composed of four (4) gas turbine generators connected directly to the Gentilly 2
switchyard. Offsite power is supplied to the station via service transformer S l l
orS12.
The station loads are supplied either from service transformer S l l or service
transformer S12. Either of these two (2) sources can supply the entire station
load. During normal operation, transformer S12 is selected to supply power to
plant auxiliaries, as S12 is the only transformer that can be supplied directly from
the Gentilly 2 turbine generator while the switchyard is isolated from the grid.
Major high voltage distribution buses in the plant are energized at 6.9 KV. The
6.9 KV system includes a four (4) bus arrangement for Class IV loads and a two
(2) bus arrangement for Class III loads.

2.1.3 Automatic Transfer Scheme
To provide high reliability power to Class IV and Class III loads, an automatic
bus transfer logic is provided to maintain power supply continuity in the event of
a failure of service transformer S12 or service transformer SI 1. All six (6) 6.9
KV buses (Class IV and Class III) are provided with three (3) automatic transfer
schemes:
parallel transfer
fast open transfer (except for the 2 Class III buses)
residual transfer (delayed open)
2.1.4 Gent illy 2 Islanding Scheme
Since Hydro-Que*bec's power grid is not a meshed type, grid disturbances
experienced at Gentilly 2 are more recurrent and more extensive than at other
nuclear plants in Canada. The plant islanding scheme is designed to ensure the
highest probability of plant survival after a loss of grid event anticipated by
frequency fluctuations. The island is formed with the turbine generator
(Gentilly 2) or with one gas turbine (Becancour) supplying the Gentilly 2 house
loads.
The islanding scheme includes two (2) programmable master frequency relays
named AMA-1 and AMA-2 (AMA-1 is related to odd equipment and AMA-2 to
even equipment). AM A setpoints used to initiate islanding have been chosen
carefully to provide grid support as long as possible during a disturbance without
unduly compromising the continuity of power to house loads, process
performance and to avoid steam turbine damages. AMA2 is also the turbine
generator's first level of protection against frequency upsets. The turbine
generator frequency protection ensures the second level of protection and can be
considered redundant to AMA2. The turbine generator overspeed protection is
the last level of protection against catastrophic unit failures.
To ensure good coordination between the AMA and turbine generator protection
setpoints, the AMA are more sensitive and operate more rapidly than the
protection.
To avoid undue production losses during frequency upsets, AMA2 will initiate
islanding only if all house loads were connected to transformer S12 prior to the
event. Furthermore, if one even gas turbine was connected to the grid before the
upset occurred, islanding will be performed with this gas turbine; for the last
case, the pattern is the same for AMA1 and transformer SI 1.

To reduce the probability of a coincidental loss of coolant accident (LOCA) and
loss of Class IV power in the event that an external backup supply of Class IV
power is not available within two (2) hours, the reactor has to be shut down as
stated in the operating license. Therefore, the islanding scheme may only prevent
losses of Class IV power due to short term losses of offsite power.

2.2

Problems Relating to Restoration of Power to Gentilly 2 Auxiliaries Following a loss
of Grid
2.2.1 Gentilly 2 Response During a Loss of Class IV Power
If Gentilly 2 islanding fails following a loss of grid, the reactor will be
automatically shut down by the station's standard control system and/or through
the operation of its two redundant and independent shutdown systems. Class IV
loads will then remain de-energized until offsite power is restored.
Nuclear fuel cooling is ensured by thermosiphon-induced coolant circulation until
the shutdown cooling system is activated by the Class III diesel generators. Heat
sink is then provided by the steam generators which contain sufficient inventory
to ensure adequate fuel cooling for at least 30 minutes, even without feedwater
makeup. If Class III power is restored before steam generator inventory is
depleted, fuel cooling can continue through this process as long as the loss of
Class IV power lasts.
On the other hand, if Class III or Class IV power cannot be restored quickly
enough, the nuclear fuel can be cooled by a backup system. This system injects
into the steam generators water flowing by gravity from the dousing tank until
water is pumped directly from the St. Lawrence River by pumps powered by
Class 0 diesel generators. As Class 0 equipment must be aligned and started up
by the operator, at least 30 minutes will elapse before water from the river can
be injected.
However, the backup cooling system and Class 0 equipment are only used to
ensure ultimate safety functions; they are unable to protect production-related
equipment. Consequently, if this system is used, the station could remain shut
down for as long as would be required to inspect, repair or replace major
equipment (steam generators, etc.).

2.2.2 Problem Description
Many Probabilistic Safety Assessment Studies submitted in support of the
Gentilly 2 operating license assumed that, following a loss of grid, power would
be restored to Gentilly 2 auxiliaries by the Mauricie Region hydroelectric power
plants (figure 3) within 30 minutes with a 90% probability. This assumption was
based on the fact that, historically, during provincial grid failures, the Mauricie
grid was isolated from the main grid and continued to supply power to its local
customers. A power line accessing a river crossing could restore power to
Gentilly 2 auxiliaries through simple operations.
However, the generating capacity of the region's hydroelectric power plants was
outpaced through the years by a rapid load increase. As a result, the Mauricie
grid could no longer survive a total provincial grid failure. Therefore, to restore
power to Gentilly 2 auxiliaries, a hydroelectric plant capable of providing enough
reactive power to start the nuclear plant's big motors (the Beaumont Power Plant
located 150 km from Gentilly 2) had to be started up. However, to carry this
power to Gentilly 2 auxiliaries, three (3) sub-stations had to be repositioned.
Also, a micro-grid had to be created to stabilize the frequency and avoid a voltage
drop due to the extension of the lines. In addition to delaying the restoration of
the local grid, the number and complexity of these operations made it difficult for
the Mauricie power plants to achieve the objective of restoring power to
Gentilly 2 auxiliaries following a grid failure within 30 minutes with a 90%
probability.
Furthermore, since the beginning of commercial production of the Gentilly 2
station, the loss of Class IV has occurred more often than anticipated during the
design stage. To increase the Safety of Gentilly 2, Hydro-Qu6bec considered
raising the restoration of power criteria from 90% to 97%.
As demonstrated by Probabilistic Safety Assessment Studies, any undue delay in
restoring offsite power to the auxiliaries of a nuclear plant increases the
probability of fuel failure caused by a total station electrical blackout or by a
failure of equipment related to fuel cooling.
Even when the safety aspects are assured, undue delays in restoring offsite power
increases the probability of production losses at the station in two ways. First,
if reactor power is not increased to about 60% within approximately 40 minutes
following a trip, the reactor will poison out (Xenon effect) and production will
be lost for a period of 36 hours. The second aspect is that a longer period of
offsite power loss increases the probability that emergency equipment (Class 0)
will have to be used and, consequently, the likelihood that a prolonged period of
production loss will be required to inspect, repair or replace major equipment.

3.0 Solutions
3.1 Solutions Considered
To guarantee the restoration of power to Gentilly 2 auxiliaries Hydro-Quebec has
considered various solutions, based on an existing hydroelectric power plant or on a gas
turbine power plant.
3.1.1 Hydroelectric Power Plant
The La Gabelle hydroelectric power plant located about 50 km from Gentilly 2
would be assigned to restore power to the nuclear plant auxiliaries following a
loss of grid. As this station is closer to Gentilly 2 than other stations, this
solution would eliminate voltage drops caused by impedance on the lines during
startup of HTS main pumps and it would reduce the number of sub-stations that
would have to be re-positioned to restore power to the nuclear plant.
However, this power plant operates five turbines and each one powers a 25 MVA
generator. Consequently, to start up all four HTS main pumps at Gentilly 2, at
least three generators had to be synchronized and all machine exciters had to be
replaced with more efficient models.
Also, supplying the required power without disrupting the grid restoration process
would have required the establishment of a direct link between this power plant
and Gentilly 2. Such a link would have required a river crossing (St. Lawrence
River). Finally, as this station was built in 1924, major renovations were
necessary to ensure restoration of power to Gentilly 2 auxiliaries throughout its
service life.
Given the time needed to carry out the work described above, this solution was
rejected.

3.1.2 Gas Turbines
Hydro-Quebec considered increasing the capacity of the La Citiere Gas Turbine
Power Plant by about 300 MWe to meet expected peak power requirements
starting in 1992-1993. However, as the La Citiere and Cadillac plants were too
far removed from Gentilly 2, they could not have been used to restore power to
the nuclear plant auxiliaries.
Therefore, instead of increasing the capacity of the La Citiere plant, HydroQuebec decided to build a new gas turbine power plant closer to Gentilly 2. This
new plant would have to be capable of restoring power to the nuclear plant as
well as meeting grid peak power requirements.

3.2 Solution Chosen
As this new gas turbine power plant had to simultaneously accomplish two separate
missions, Hydro-Que'bec had to make sure that the gas turbines selected and the overall
plant layout would facilitate the achievement of these two missions while minimizing the
conflicts between them.
These aspects were closely watched not only during the design phase but also during the
construction and commissioning phases.

3.2.1 Design Requirements for Restoration of Electrical Power to Gent illy 2
Auxiliaries
Based on a reliability study conducted during the preliminary planning phase,
Hydro-Que'bec specified that each turbine had to have the following characteristics
to meet Gentilly 2 requirements:
Black Start capability with a reliability of 85 % or more;
capacity to restore power to Gentilly 2 auxiliaries (about 40 MWe)
within 18 minutes following a loss of grid;
capacity to survive a sudden load cutback with a 50% probability
or higher;
turbine should be a tested model with a history of reliability data.

To meet the 97% reliability goal for restoring power to Gentilly 2 auxiliaries, this
gas turbine power plant would have to have the following qualifications:
located near Gentilly 2;
operate at least three independent stand-alone gas turbines during
a grid failure;
capable of being connected directly to the buses supplying power
to Gentilly 2 service transformers;
comply with the Gentilly 2 "odd and even" power distribution
concept;
interface with Gentilly 2 service transformers via two SF6 buses;

provide machine control systems capable of prioritizing emergency
power restoration to Gentilly 2 auxiliaries during peak power
mission;
that common mode failures during restoration of power to
Gentilly 2 auxiliaries be no more than 1 % of total gas turbine
power plant unavailabilities.

As this new power plant would be located near Gentilly 2, it would have to be
designed so as to avoid jeopardizing the safety of the nuclear plant (explosions,
fires, etc.).
3.2.2 Design Requirements for Power Peaking
The only qualification specified to meet grid power peaking requirements was that
this gas turbine power plant should be capable of generating at least 300 MWe
on a few hours notice. Expected use was set at a maximum of 200 hours, mostly
during the winter.

3.3

Configuration Chosen
To meet all design requirements Hydro-Quebec decided to build a new power plant with
the following main qualifications:
operate direct-cycle industrial type turbines;
use #2 fuel oil;
a 4-turbine configuration, with two of them capable of being connected to
to the bus supplying power to Gentilly 2 service transformer S12, and the
other two to service transformer S11;
each turbine must be able to fulfill the emergency mission independently
(each gas turbine startup system is linked to diesel generator set);
turbines capable of being supplied with demineralized water to reduce
NOX during peak periods;
all emergency sequences must be automatically controlled until power is
restored to Gentilly 2 auxiliaries (no human involvement);
machines must be capable of being started from the Gentilly 2 control
room when automatic controls fail;

high voltage equipment should be located in the Gentilly 2 switchyard, at
a distance of 300 meters from the gas turbine power plant.

4.0 Modifications to Gentilly 2 Station and its Switchyard
The 230 KV conventional switchyard operated by the Gentilly 2 nuclear plant has been
extended with two (2) 230 KV SF6 buses to allow electrical connection of the B6cancour
Gas Turbine Power Plant. Since the manufacturer could deliver only part of the SF6
equipment in time for the 1991 Gentilly 2 annual shutdown, the SF6 buses extension was
performed in two (2) phases to minimize Gentilly 2 production losses.

4.1

Original Configuration
Prior Gentilly 2 switchyard configuration (figure 4) had the following prominent
shortcomings:
Service transformer S2 was connected at the main generator output.
Failure in the 24 KV system components or turbine trip directly affected
this service transformer. During maintenance of service transformer S12,
it was necessary to remove the mechanical links in the 24-KV isolated
bus, to supply power to station loads from service transformer S2 through
main transformer T2.
No dedicated unit breaker: To isolate the generator, breakers 230-33 and
230-34 had to open. Failure to open one of the two (2) breakers led to a
radio trip of the breakers at the other end of the line.
Internal loads were shared between S2 and S12. Islanding Gentilly 2
auxiliaries with the Gentilly 2 generator, following a grid failure, required
a load transfer (parallel) from service transformer S12 to service
transformer S2.

4.2

Gentilly 2 Switchyard Extend - Phase I (1991)
To allow the connection with the B6cancour Gas Turbine Power Plant, the first phase of
Gentilly 2 switchyard extend was carried out during the 1991 scheduled shutdown of the
plant. This phase I involved the following modifications and additions:
replacement of original unit transformer S2 (24KV/6.9KV/6.9KV) with a new one
(230KV/6.9KV/6.9KV);

addition of two (2) indoor redundant buses (B3 and B4) interfacing via dry type
cables with the 230KV outdoor switchyard and with the two (2) service
transformers (S11 and S12);
addition of a unit breaker (230-2);
modification of the electrical protection considering the new 230-2 breaker, SF6
buses and the new unit service transformer;
modification of the main control room panels related to the switchyard.

The first phase required careful coordination to deal with the following:
many people involved (engineering, construction, commissioning) and a shutdown
of rather short duration to perform these activities (73 days);
continuous power had to be maintained to the house loads at all times;
planning the SF6 Phase II extend, in 1992, with Gentilly 2 at full power.

4.3

Gentilly 2 Switchyard Extend - Phase II (1992)
As specified above, SF6 Phase II was carried out with Gentilly 2 at full power. This
phase mainly involved the following:
extension of buses B3 and B4 to ultimately obtain buses B1B3 and B2B4; buses
Bl and B2 connect the gas turbines of the Becancour plant to the grid;
addition of SF6 breaker 230-45 and related protection;
addition of two (2) new frequency relay panels AMA-1 and AMA-2.
To electrically connect buses Bl and B2 to buses B3 and B4 respectively, the latter buses
had to be de-energized. Unavailability time for buses B3 and B4 had to be within those
allowed by safety requirements for service transformers S l l and S12.

5.0 Becancour Power Plant
5.1

Plant Layout
To achieve both its missions and also its reliability target, this plant had to be located in
the Gentilly 2 exclusion area (figure 5). The main reason for locating the plant in this
area was to ensure a direct link, free of grid constraints, for each gas turbine to power
Gentilly 2 service transformers.
This plant includes three main buildings:
a turbine building;
a pumphouse;
a demineralized water building.
The plant also provides a diesel fuel storage area and an unloading bay for trucks.
5.1.1 Turbine Building
This is the plant's main building. It contains the gas turbine units, diesel
generators, battery rooms, electrical rooms, fire equipment room, control room
and administrative offices. Buffer tanks and air filters are located near this
building on the south side, with gas exhaust stacks and unit transformers on the
other side.
An area in the centre of the building was assigned for major turbine maintenance.
The administrative area in the building includes maintenance workshops,
personnel offices and the plant's main control room.
An elaborate ventilation and heating system maintains a minimum temperature of
15 *C in the machine room during the winter.
5.1.2 Pumphouse
For environmental and fire prevention reasons, the pumphouse, the storage area
and the unloading bay are located 500 meters away from the turbine building and
about 1 km from the nuclear plant. The pumphouse contains fuel transfer pumps
and fuel preheating equipment. On account of the distance from the main
building, four 4.16KV power transformers were added to provide the power
required to unload and supply fuel-oil to each turbine. The whole system is
controlled by a microprocessor located in the fuel building and a conventional

relay system was added for each turbine to provide redundancy to the fuel supply
control system.
The unloading bay and the storage area are located outside the pumphouse. The
unloading bay provides three unloading areas for trucks. A roof was put up over
these facilities to ensure easy access for trucks in any weather. The control
system is fully automated and it can be monitored from the turbine building
control room. The storage area includes two tanks containing 3200 cubic meters
each, giving the plant a 36-hour self-sufficiency. Foam fire equipment is
provided for the overall fuel system and a triplicated detection system is available
at the tanks.

5.1.3 Demineralized Water Building
A demineralized water injection system is provided for each turbine to lower the
NOX release rate into the atmosphere. Water use being very high, an
underground tank containing enough water for twelve hours of operation, at full
power, is available. However, since Gentilly 2 is close by, no water treatment
facility has been provided for the Becancour plant. Hydro-Quebec has chosen
instead to increase demineralized water production capacity at the nuclear plant
by adding a third production line. Underground pipes linking both stations will
be used to fill the tank at the gas turbine power plant; tank level is controlled by
a programmable controller. Five pumps located in the basement supply water to
the turbines.

5.2

Operational Modes
5.2.1 Turbine Description
This station operates four industrial gas turbines, model General Electric
MS7001EA, with a power rating of 86 MWe, at 15*C, and a turbine shaft speed
of 3600 rpm. As Hydro-Quebec plans to use these turbines mainly for peak
power requirements, for a maximum of 200 hours a year, a direct-cycle
configuration was chosen. The generator is cooled by a totally enclosed water-toair-cooled system (TEWAC) and its power rating of 106 MVA at 0.9 PF is based
on the turbine's peak power during the winter (-15 *C). Particular attention has
been paid to the selection of a static exciter to ensure adequate voltage regulation
when big motors are started up at the nuclear plant.
Even though the turbines are set up inside a building, various machine
components are contained in enclosures similar to those used for outside
installation. This layout allowed the manufacturer to maintain a standard design
for his machines, and they also could be installed more quickly.

5.2.2 Emergency Operation
To ensure turbine self-sufficiency during an emergency, four diesel generators
with a capacity of 2.5 MWe are provided (figure 6). These diesel generators
supply enough power to start the turbines when grid power is unavailable. Two
pressurized air tanks for each diesel generator ensure an independent start for
each one. Re-energizing gas turbine auxiliaries takes 7 seconds from startup. To
avoid having to power the pumphouse during turbine startup, a buffer tank with
a 1 hour emergency capacity has been added to each turbine. This tank is heated
to maintain the fuel at a minimum temperature of 15 *C; it provides fuel to the
diesel generator.
Plant auxiliaries are powered by the grid via a 230/4.16KV, 20 MVA
transformer. However, each turbine is provided with a 4.16KV busbar which can
be powered either by the plant transformer, a diesel generator or a turbine service
transformer (13.8/4.16KV). During an emergency startup, the bus for each
turbine auxiliaries is isolated from the plant transformer and is powered only by
the diesel generator. As soon as the turbine rated speed and voltage are attained,
this bus is transferred by synchronization from the generator to the turbine
transformer. The turbine is considered self-sufficient and capable of providing
power to the nuclear plant auxiliaries only when this sequence is completed. In
such cases, there is no gas purge sequence during startup, which ensures a more
rapid turbine acceleration; self-sufficiency is achieved in less than 8 minutes.
All turbines can be started up simultaneously to meet the emergency situations.

5.2.3 Peak Operation
For grid peak power requirements, startup is ensured by the plant's service
transformer (S50). However, as for emergency startups, the machine will not be
able to synchronize to the grid until the auxiliaries are transferred to the gas
turbine service transformer. This procedure is important to ensure that the
turbine is self-sufficient and ready to connect to Gentilly 2 auxiliaries.
For grid peak power requirements, standard startup sequence is used, during
which gas purging is performed before the flame is initiated in the combustion
chambers. Gas purging adds 4 minutes to the process, for a total startup
sequence of 12 minutes before the machine is synchronized to the grid. If a loss
of power occurs during the startup sequence, causing a flame extinction, the
sequence should be reinitiated with a new gas purge. Since the machine depends
on the service transformer to achieve self-sufficiency during this startup period,
only two simultaneous startups are authorized in order to ensure that two
machines, self-sufficient and ready to start in an emergency, are always available.

For normal loading, the time required to heat the turbine must be respected,
which means that 10 extra minutes will be needed to achieve full power. In an
emergency, fast loading is achieved in two (2) minutes.

5.3

Automation
As the B&ancour power plant would not be guarded 24 hours a day, particular attention
had to be paid to the control systems, to ensure that the plant would be able to operate
automatically at all times to meet the criteria for power restoration to Gentilly 2.

5.3.1 Turbine Control
The turbines were provided with General Electric's latest control system named
MARK V. This was the first application of this type of control on MS7001EA
turbines, but this system had been used on other types of turbine.
The MARK V system consists of seven separate microprocessors. Separate
triplicated processors are provided for control and protection respectively, and a
seventh processor is used for alarms, monitoring, external communications, etc.
The design provides for utilizing the same software and signals in the three
redundant processors and requires separate triplicated inputs for all control and
protection signals in the three redundant processors and utilize "two-out-of-three
voting capability" for digital and logical functions and the "mean value criteria"
for analog signals. The major Gas Turbine Control algorithm loops are for Fuel
Oil, Inlet Guide Vane(s), Water Injection, Synchronizing, Load Control and Vars
Control, and they utilize several input data and control limits to ensure safe,
secure and reliable controls.
In addition, the alarms' processor, which runs on the same software as a
triplicated sensor and has access to the same data, monitors the triplicated
microprocessor's performance by continuously comparing its own result(s) with
each individual channel and generating the necessary alarm(s) in case of a
discrepancy. External control interface also occurs via the alarms' processor and
suitable link(s) to the local control panel on the MARK V panel and the common
SMART terminal located in the B6cancour Control Room. The SMART terminal
is provided to monitor the gas turbine(s) and to input the various operating
setpoints (MW, MVAR, Voltage, etc.). The SMART terminal can also provide
historic data records on pre-selected parameters.
Startup logic automation, which requires an interface with the 4.16KV equipment,
the diesel generators and the switchyard, occurs through a relay panel located
near the control and protection panels for the 4.16KV buses. All high and

medium voltage equipment positioning and generator connection is controlled
through this panel; its main control loop ensures the transfer of power sources for
the auxiliaries.

5.3.2 Control Interfaces Between Becancour and Gentilly 2
Even though turbines are controlled by computers, a synoptic panel was added in
the Becancour station control room to provide manual redundancy for emergency
unit control. However, as the plant is left unguarded most of the time, two
programmable controllers (UIP) were added to ensure automatic plant operation
in an emergency. Each controller provides an interface with Gentilly 2 for two
matching gas turbines, i.e. UIP1 for turbines 1 and 3 and UIP2 for turbines 2 and
4. Two redundant CPUs are assigned to each one, and essential input and output
signals have been duplicated to maintain the required reliability for emergency
turbine operation.
All information required to track gas turbine operation are available on a panel
in the Gentilly 2 control room. To avoid burdening the Gentilly 2 operating staff
unnecessarily, only critical controls (emergency startup, startup locking,
synchronizing a gas turbine to the grid in islanding mode) are provided on this
panel.

6.0 Commissioning
6.1

Commissioning Sequence
The Becancour power plant was commissioned in two phases to allow for construction
constraints and grid peak power requirements during the winter. Based on construction
deadlines, two turbines would be available for the 1992-1993 winter peak period if only
those systems absolutely required for their synchronization to the grid were put into
service. As the turbines were purchased on a turn key contract basis, this first phase was
performed essentially by contractors under the supervision of Hydro-Quebec.
Hydro-Qudbec initiated a second phase to monitor the commissioning process starting in
June 1993, its purpose being to qualify the turbines with respect to their emergency
mission for Gentilly 2. This second phase included internal checks on equipment and a
series of tests designed to assess the capacity of the turbines to fulfill this mission. Tests
and checks were performed as meticulously as those used for the Gentilly 2
commissioning process. The main tests used were the following:
a 48-hour continuous operating test on each turbine;

five emergency startup tests on each turbine;
power cutback tests at various power levels;
a series of functional tests to evaluate the emergency scenarios with
Gentilly 2;
startup tests on Gentilly 2 HTS main pumps (9000 HP);
Gentilly 2 islanding test with loads recovered by a gas turbine.

6.2

Results
The first phase of the commissioning process was difficult because the manufacturer did
not fully understand some of the turbine use scenarios. Furthermore, modifications that
seemed minor when the bids were analyzed ended up causing several delays and forced
the manufacturer to modify some turbine components. The main modifications were as
follows:
A ratchet was added to overcome turbine inertia on startup.
Service transformers were rewound to make sure they could withstand
transient current conditions during power transfers on auxiliaries.
The synchronization circuit was reversed during auxiliary load transfer
from the diesel generator to the gas turbine. The logic was reversed to
allow the turbine to synchronize to the diesel generator. This inversion
was to provide a shorter and more consistent synchronization time for
such transfers. Synchronization by the MARK V system proved to be
much more reliable and efficient than the diesel generator synchronization
circuit.
A depressurization system (discharge valves) was added to ensure water
injection stops more quickly following a power cutback, thus avoiding a
turbine trip on flame loss.
A forwarding system was added for HTS main pump startups to provide
temporary voltage increases at generator terminals, in order to maintain
minimum voltage for Gentilly 2 auxiliaries when these pumps are started
up.
With all these modifications, every gas turbine underwent all planned reliability tests
successfully.

7.0 Operation
Several options were available to Hydro-Que'bec for the operation of the Becancour Gas
Turbine Power Plant. As the station was located near Gentilly 2, it could have been
operated either by Gentilly 2 personnel or by Region Mauricie personnel.
The option chosen was to set up a division responsible for the operation and maintenance
of this power plant under the supervision of Gentilly 2's operation manager. The intent
of this approach was to ensure that operation and maintenance standards would be the
same as those used for the nuclear plant, without increasing the responsibilities of the
shift supervisors. Operating under the Nuclear Management Section, the new power
plant has access to technical services expertise from the nuclear plant and, in some cases,
maintenance work is divided between the two plants.
Becancour personnel received a similar training as Gentilly 2 personnel for operating and
maintenance procedures. The methods used are expected to maintain the station in
analyzed condition in order to meet reliability and performance criteria related to the
emergency mission.

8.0 Lessons Learned
To improve some of the original equipment characteristics, modifications that seemed
minor at first were performed. Some of these modifications produced negative impacts
and required major corrections. Extrapolation of any design requires considerable care
and additional effort in implementation.
One of the main problems encountered during the project was to reconcile normal grid
production requirements with emergency power restoration to a nuclear plant. It is
important, right from the start, that all participants in the project (engineering,
manufacturers, contractors, etc.) fully understand the specific requirements for the most
stringent application. Using resources closely associated with the application proved
essential during all the project phases.
Two (2) missions that appeared incompatible at first were in fact complementary and
sufficiently flexible to meet new grid requirements. The design for emergency use with
Gentilly 2 created the possibility of providing standby power to the grid within ten
minutes with four self-sufficient turbines, for a total of over 400 MWe in the winter
time. Minimizing compromises and advancing flexible solutions to meet the most
stringent requirements can be very profitable.
For projects with very tight deadlines, every effort must be made to meet with all
participants from local communities, government agencies and environmental
organizations before the work gets under way. The purpose of this action is to obtain
all necessary permits and to ensure that all social and environmental concerns are taken

into consideration. The project can then be completed without interruptions and a better
cooperation can be obtained from all organizations concerned in order to meet the
deadlines.

9.0 Conclusion
The Becancour Gas Turbine Power Plant is capable of fulfilling simultaneously and
economically two (2) separate missions for Hydro-Qu6bec:
peak power requirements during the winter;
emergency restoration of power to Gentilly 2 auxiliaries following a grid failure.
"Emergency power restoration" required that each of the four (4) turbines be independent
and self-sufficient in order to meet the 97% reliability objective, such a configuration
with industrial turbines was a first for the supplier. To satisfy Hydro-Quebec
requirements, commissioning had to be done in two (2) phases:
a first phase to provide at least two (2) gas turbines to the grid for peak power
requirements during the winter of 92/93;
a second phase to test emergency power restoration to Gentilly 2 auxiliaries
during this plant's 1993 annual shutdown.
Even though the integration was complicated by the fact that Gentilly 2 production losses
had to be minimized, all deadlines and costs were met.
The B6cancour Power Plant Project can be considered a great success for Hydro-Que"bec.
Such success is owed mainly to sustained efforts during all phases of the project to
ensure that the missions with their specific requirements would be achieved, by putting
a premium on cooperation between the various participants.
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1.

ABSTRACT

The Karachi Nuclear Power Plant (KANUPP) is a single unit facility located on the shore of the
Arabian Sea near Karachi, Pakistan. The 137 Mwe CANDU reactor at KANUPP achieved
commercial operation on October 4, 1972.
A stuck fuel channel, G12, was removed and the lattice site isolated during a scheduled plant
outage in October - December 1993. The work was successfully completed by KANUPP station
staff under the supervision of an AECL CANDU site team. During the same outage, AECL
Research Chalk River Laboratories (CRL) staff completed a series of inspections on eight fuel
channels that had been recommended by an International Atomic Energy Agency (IAEA)
Assessment of Safety Significant Events Team (ASSET).
This paper describes the tooling design, procurement, testing, and commissioning work carried
out at AECL CANDU and highlights the difficulties encountered, the solutions employed, and the
lessons learnt during the site implementation phase at KANUPP.

2.

INTRODUCTION

The KANUPP reactor core has 208 fuel channels arranged in a 16 x 16 lattice matrix with each
channel carrying 11 fuel bundles. A cutaway view of the reactor calandria vessel and other vault
structures is shown in Figure 1. The heat treated 0.161" thick Zr-2.5% Nb pressure tubes with an
inside diameter of 3.25" are rolled into Inconel hubs which are welded to the inboard ends of
403 stainless steel end fittings at both ends of each fuel channel as depicted in Figure 2. All north
side end fittings are fixed and restrained against axial movement by means of a stop collar welded
to a calandria extension tube. The south side end fittings are free and allowed to move axially on
two cast iron bearing sleeves through the use of an expansion bellows. Pressure tubes are
supported inside the zircaloy-2 calandria tubes by two tight fitting Inconel channel annulus

spacers (garter springs). At KANUPP, the calandria tube thick ends are welded to the thinner mid
portion. The CO2 cover gas fills the annular space between the pressure tube and the calandria
tube which is rolled into the inner tubesheet of the calandria vessel by means of leak tight
insertless joints at both ends.
No significant difficulties were experienced in the operation of the reactor fuel channels until
early 1987 when it was first noticed that the abnormal expansion and contraction of fuel channel
G12 was beginning to impede normal on-power fuelling operations. Subsequent analysis and
testing confirmed that the end fitting axial position at this channel was significantly different from
other channels. Similar discrepancies of a lesser magnitude were noticed with the axial position of
fuel channel F15. These preliminary investigations led to the conclusion that at least one or
perhaps both end fittings were stuck at channel G12 and a decision was made by the station to
defuel and isolate the two channels from the PHT system. As an interim measure an "Empty
Channel Cooling System" (ECCS), essentially a low pressure and low temperature PHT, was
installed for the isolated channels before resuming normal operation of the plant.
Pakistan Atomic Energy Commission (PAEC) owner and operator of the plant was concerned
with this abnormal fuel channel axial creep behaviour and decided to invite an ASSET mission
from the IAEA to investigate the problem in September of 1989. After detailed discussions and
investigations, the IAEA's ASSET mission recommended in-service inspection of selected
channels and removal and detailed metallurgical examination of fuel channel G12 components.
A formal request by the Pakistani Government for approval of technical assistance was granted by
the Canadian Government in December 1989. This culminated in the creation of the "Safe
Operation of KANUPP - Fuel Channel Integrity Assessment" (SOK-FCIA) Project to proceed
with the implementation of the ASSET recommendations. Subsequently, IAEA requested the
CANDU Owners Group (COG) to provide assistance with the planning and scoping of the
recommended tasks.
In October 1992, PAEC awarded AECL CANDU a contract for the supply of tooling, equipment,
and site support services for the removal and isolation of fuel channel G12 as part of the Safe
Operation of KANUPP - FCIA Project. The contract stipulated that some of the large equipment
such as flasks, work platforms, and pressure tube sample cutting equipment be procured locally by
PAEC/KANUPP to AECL CANDU designs.
AECL CANDU designed, procured, and commissioned the tooling over an eleven month period
between October 1992 and September 1993. The equipment was shipped to Pakistan via air
during the latter part of September 1993 just ahead of the reactor shutdown date of October 5,
1993. A team of engineers and technicians from AECL CANDU's Sheridan Park Engineering
Laboratories (SPEL) trained the KANUPP station staff and provided technical support during the
site work. The fuel channel removal and isolation work was successfully completed during the
period November 23 - December 6, 1993 and the reactor was returned to service just before
Christmas.

3.

HISTORIC BACKGROUND ON FUEL CHANNEL G12 LOCKING PROBLEM

3.1

Start of the Locking Problem

After first synchronization in 1971, KANUPP continued to operate at different power levels
without any significant events. First difficulties were experienced while locking on the south end
fitting of channel G12 with the fuelling machine in October of 1983. This channel was re-fuelled
four times during the period from October 1983 to September 1986. Although on-power fuelling
was possible during this period, various fuelling machine parameters had to be reset and adjusted
each time. By January 1987, the fuel channel required off-power fuelling as further adjustments to
the fuelling machine parameters was not possible. This led to the detailed investigations of the
locking problem.
3.2

Detailed Investigations

KANUPP initiated a number of actions to further investigate the fuel channel locking problems
experienced. During a shutdown in July 1988, the axial positions of several fuel channels were
measured at different temperatures, sag measurements were taken at channels G12 and F15, and
the AGS system hardware and the PHT system feeder pipes were visually inspected to see if they
interfered with the south end fitting axial movements and hence contributed to the problem.
The investigations led to the conclusion that G12 was 0.4" inboard of its neighboring channels in
the cold condition and 0.8" inboard when hot. The axial position of fuel channel F15 was also
found to be inboard of its neighbors but to a lesser extent than G12. The maximum pressure tube
sag measurements in G12 and F15 indicated 2" and 0.5" of sag, respectively. Although no
fuelling machine locking problems had been experienced with channel F15, to avoid any further
deterioration and as a precautionary measure a decision was made to isolate both channels by
installing a separate ECCS which was designed to dissipate the heat from the hot surroundings
and mitigate the irradiation effects during plant operation.
3.3

Creation of Safe Operation of KANUPP Fuel Channel Integrity Assessment Project

PAEC created the SOK-FCIA Project in order to assess the overall condition of the reactor fuel
channels and to implement the long term ASSET recommendations. Technical assistance was
sought and received from Canada through the IAEA and COG. Two scoping visits were made to
site in June 1991 and May 1992 by representatives of the various Canadian organizations involved
in the project.
A Memorandum of Understanding was signed at the end of the June 1991 scoping visit. After
many months of negotiations, separate contracts were signed with AECL Research CRL and
AECL CANDU in October of 1992 for the supply of equipment and services . The AECL
Research contract covered the In-Service Inspection (ISI) of fuel channels and metallurgical
examination of removed fuel channel components. The AECL CANDU contract covered the
supply of design engineering and site support services and the procurement of tooling and
equipment required for removal and isolation of the fuel channel.

4.0

DESIGN, PROCUREMENT, AND TESTING OF TOOLING AND EQUIPMENT

4.1

Systems Engineering and Planning

Following the abrupt withdrawal of GE-Canada from the SOK-FCIA program on July 28, 1991,
AECL CANDU was requested by COG to submit a proposal covering the scope of work
previously assigned to GE-Canada. The GE designed KANUPP fuel channels have significantly
different features compared to CANDU 6 and other AECL designed reactor's. AECL CANDU's
limited knowledge of the problems associated with the task of removing and isolating the stuck
fuel channel prompted a scoping visit to KANUPP by an AECL CANDU team in late May of
1992.
The scoping visit resulted in a better understanding of many of the technical difficulties associated
with the project and led to the identification of engineering solutions deemed to have a high
probability of successful implementation. The scoping visit facilitated the development of a series
of well defined tooling concepts and a feasible irradiated components handling system.
The AECL CANDU work was directed by a Program Manager reporting to the client through the
COG resident Task Manager. The design responsibility for the various tasks were shared among
six senior design leaders. Technical liaison with the PAEC was through the COG resident
KANUPP Representative (KANREP). The PAEC assigned senior site staff to assume the
important responsibilities associated with this position. KANREP played a crucial role by
providing timely responses to a myriad of technical queries raised by AECL CANDU designers
throughout all phases of the project. He reviewed the tooling and equipment designs, provided
feedback to the designers at various stages of the design process, and ensured that the site specific
requirements and preferences were addressed.
The planning phase of the design engineering work undertaken by AECL CANDU began
immediately after the signing of the contract. A logic diagram outlining the major work activities
was prepared and the AECL CANDU work program scoped into 23 main tasks (work packages).
A senior design leader with complete responsibility for tooling and equipment design,
procurement, and testing was assigned to each task. Task description documents outlining the
tooling and equipment design requirements and identifying the interfaces with other tasks were
prepared and presented to KANREP for review and approval.
Four of the 23 main tasks were somewhat more challenging than the others. These are addressed
in more detail and the features that make them unique are highlighted below.
4.2

Reactor Vault Floor Structures and Equipment Handling Facilities

The KANUPP reactor vaults did not have any material handling facilities. The fuelling machines
are supported on dual column type narrow span structures on rails (See Figure 1).
This arrangement is neither amenable to easy removal of the fuelling machines nor to the
installation of reactor face work platforms on the narrow span columns. The extremely limited
load carrying capacities of the vault floors made the installation of gantry cranes and handling of

shielding flasks onerous tasks. The fact that the south reactor vault floor had a much larger
concrete section, led to the decision to perform all flasking activities in this vault. The grating
covering much of the north reactor vault floor at KANUPP has a low load rating.
The presence of a pair of 6" high fuelling machine rails on the floor in front of the reactor face
added to the complexity of equipment movements into and out of the reactor vaults. Intricate
floor reinforcement structures including raised decking plates, load spreaders, and pairs of gantry
crane and flask trolley rails had to be designed and installed (Figure 3). Extensive stress analysis
had to be performed on the floor structures to ensure safe handling of heavy equipment during the
fuel channel removal and isolation activities.
4.3

Irradiated Material Handling

The handling of irradiated fuel channel components was also a major challenge. In addition to the
limited load carrying capacity of the vault floors and the lack of in-vault material handling
facilities; restricted head room at the reactor face and the small (36" high x 42" wide) opening
available on the fuelling machine maintenance lock sliding shield wall made the design of flasks,
transporters, and vault trolleys truly demanding tasks.
The flask was designed to handle one end fitting or two pressure tube halves at a time (Figure 4).
The flask design had to satisfy a number of interfacing requirements with the scissor lift tables, the
maintenance platforms, the gantry cranes, the vault floor structures, trolleys and transporters,
various reactor building hatchways, and the Decontamination Bay resident sample cutting
equipment.
The flask procurement was identified as one of the critical path activities when the project
schedule was reduced from 17 months to 11 months. The schedule constraints required that the
three flasks (two for production use and one for training) be procured locally in Pakistan.
A decision was made to manufacture the three flasks in-house at KANUPP. The lead pouring,
a critical activity in the flask manufacturing process, was subcontracted to Karachi Shipyards after
a review of their facilities. The lead pouring was extremely successful as confirmed by the lower
than anticipated contact fields measured on the flask carrying the irradiated (hot) pressure tube.
There were no "hot spots" in any of the production flasks. The flasks, maintenance platforms,
vault trolleys, and pressure tube sample cutting equipment were manufactured and commissioned
at KANUPP to AECL CANDU designs.
4.4

End Fitting Jacking and Impacting Tool

The fact that the G12 fuel channel had been stuck for a number of years necessitated a markedly
different and unique end fitting removal tool design for KANUPP compared to the standard
tooling used in other CANDU fuel channel replacement programs. A hydraulically powered end
fitting jacking and impacting tool with an axial pull capacity of 60,000 lbs was designed.
Overloading of the fuelling machine side tubesheet plates of the reactor end shields was a concern
from the beginning. Extensive stress analysis work was carried out at AECL CANDU to define

safe operating limits for the tool. The operating limits established through stress analysis were
substantially below tool capacity, confirming that the concerns about potential damage to
tubesheet plates were well founded.
An impacting feature and a vibration head for the tool were deemed essential to effectively deal
with the stuck south end fitting. The tool was designed to allow gradual increases in axial pull
forces and simultaneous application of impacting and axial pull.
4.5

Bellows and Stop Collar Cutting and Welding

The reactor fuel channel lattice pitch, is 9.25" in KANUPP compared to 11.25" for most of the
other CANDU reactors. The tighter fuel channel lattice pitch at KANUPP manifested itself in
extremely severe spatial constraints for bellows and stop collar cutting and welding activities and
required substantially greater effort in the design and development of tooling (Figure 5). Detailed
review of spatial conditions at the bellows and stop collar weld areas indicated that the feeder
pipes would have to be disconnected and blanked at the three neighboring channels— Gl 1, HI 1,
and HI 2-- to allow jacking and movement of feeder pipes and facilitate bellows and stop collar
cutting and welding operations at site G12.
4.6

Documentation and Tool Proving on the Fuel Channel Mockup

Since KANUPP station staff had the responsibility of performing all reactor face activities during
the fuel channel removal and isolation work, it was deemed extremely important to have good
documentation and a representative fuel channel mockup to ensure an effective training program.
Unfortunately, due to unavailability of reactor grade fuel channel components, non-reactor grade
substitutes had to be used on the mockup. This proved costly during reactor face work as a
number of surprises resulting from the differences between mockup and reactor components led
to delays in the outage schedule.
Documentation supplied consisted of logic diagrams describing major work activities, task
description documents, tool operating procedures, detailed work plans, and complete sets of
design drawings. The procedures were developed during the testing and integration of tooling and
equipment on the KANUPP fuel channel mockup at AECL CANDU's SPEL facility in Canada.
A senior engineer from KANUPP was seconded to SPEL and participated in the tool testing and
procedure preparation activities. Many of the tool testing and training activities in Canada were
videotaped and sent to Pakistan in advance of the arrival of AECL CANDU site team. These
training videos proved to be very helpful in familiarizing KANUPP station staff with the fuel
channel removal and isolation tooling and the process.
A number of revisions to the procedures were made during the mockup training work at site to
include additional feedback from the station staff. The final procedural revisions made at site dealt
with the miscellaneous manpower, site logistics, and radiological and conventional safety related
issues in a more rigorous manner.

5.0

SITE WORK

5.1

Fuel Channel Inspections

The fuel channel inspection program undertaken during the FCIA outage was based on the
ASSET recommendations and was intended to assess the overall condition of KANUPP fuel
channels. A total of eight fuel channels~F06, F15, G08, G09, G12, J10, K09, and N03--were
inspected. Selection of the inspection channels was based on a detailed review of the operating
history of all 208 fuel channels. The inspection program outlined below was carried out on two
12 hour shifts by a team of twelve engineers and technicians from AECL Research-CRL with
assistance from KANUPP station staff during the period from November 12 to 19, 1993.
•
•
•
•
•
•

Ultrasonic and Eddy Current flaw detection on pressure tubes.
Pressure tube to calandria tube gap profiling.
Pressure tube inside diameter, straightness, and sag measurements.
Profiling of G12 and Fl 5 pressure tube bores in the rolled joints areas.
Inspection of G12 calandria and extension tube bores including the bearing sleeves.
Pressure tube scrape sampling (including calorimetry of samples).

A week long training program on the site mockup preceded the reactor face inspection work.
Subsequent to removal of fuel channel G12, an additional two days (December 2-3, 1993) were
spent for the video inspection of the G12 calandria tube and the calandria extension tube bores
including the bearing sleeves.
Samples were cut from the removed G12 pressure tube in the KANUPP Decontamination Bay
using equipment designed by AECL CANDU. The pressure tube samples and the two rolled joints
were shipped to AECL Research-CRL to implement the recommended metallurgical examination
program and to investigate the parameters outlined below.
•
•
•
•
•
•

Tensile Properties.
Fracture Toughness. ..
DHC Properties and Crack Velocity.
Analysis of Hydrogen Concentrations.
Measurement of Oxide Thickness and Integrity.
Metallography.

The preliminary inspection results have been very positive and encouraging for continued safe
operation of KANUPP as summarized below:
•
•
•
•

All the fuel channels inspected appear to be in good condition and free from any
significant flaws or indications that may require dispositioning.
No evidence of pressure tube to calandria tube contact was found.
In all the inspected channels the annulus spacers (garter springs) were found to be
at or near their design positions.
Fuel channel F15 which had been isolated in 1989 was declared fit for service.

5.2

Fuel Channel Removal and Isolation

A ten week shutdown was planned for the implementation of the FCIA program at KANUPP.
The reactor was shutdown on October 5, 1993 and when the first group of AECL CANDU team
members arrived at site in late October, the defuelling and PHT isolation of the inspection
channels had been completed and the vault preparations for fuel channel inspection work was
underway.
It is worthwhile to note that the isolation of inspection channels from the PHT system was
accomplished by draining the feeder headers to a level just below the pipe joints at the headers.
Use of the header draining method as opposed to feeder freezing likely contributed to a significant
reduction in the overall outage schedule. This method of fuel channel isolation from the PHT
system apparently requires the reactor to be shutdown at least a month.
The FCIA site work comprised of six major groups of activities.
i)
ii)
iii)
iv)
v)
vi)

Mock-up Training.
Vault Preparations for Fuel Channel Inspection Work,
Fuel Channel Inspections.
Vault Preparations for Fuel Channel Removal and Isolation Work,
Fuel Channel Removal and Isolation.
Photographic Inspection of Removed Pressure Tube and Sample Cutting in the
Decontamination Bay.

The KANUPP site team consisted of dedicated crews assigned to each reactor face activity and
the total number of station personnel involved was in excess of 50. The overall program
management responsibility rested with the station's Manager of Design and Development.
Each crew comprised a lead engineer responsible for performance of assigned reactor face tasks.
The KANUPP lead engineers had a number of technicians and tradesmen with the appropriate
skills and backgrounds assigned to their crews.
Tool management and control had been identified as an important task that could have a
significant impact on the outage schedule. Two tool control engineers were designated to
coordinate tool management activities. They were responsible for identifying tool status and
location and for initiating work for tool repair, modification, and decontamination activities.
As part of tool control, major fuel channel removal and isolation activities were grouped into
work packages and the tooling required for each package stored separately in a laydown area
within close proximity of the reactor vault work locations. A full time tool decontamination crew
was given the responsibility of getting the tools decontaminated in a timely manner to enhance
contamination control.
The AECL CANDU site team of nine engineers and technicians from SPEL trained the station
staff and provided technical support during the fuel channel removal and isolation work. The site
training had to be very comprehensive and rigorous since this was the first fuel channel

maintenance work with a high degree of complexity involving high hazard activities undertaken by
KANUPP station staff.
The fuel channel removal and isolation work related training on the site mockup took place over a
two week period including two days of full dress rehearsals. Vault preparations were completed in
three days and the reactor face work began on November 23, 1993.
The site work at KANUPP generally progressed on schedule. Although the two twelve hour shifts
arrangement was discontinued after the first three days, the G12 fuel channel removal and
isolation work was still completed per the original schedule. The difficulties encountered during
tha releasing of the south end fitting, the flasking of the pressure tube, and the cutting and welding
of the bellows resulted in delays. However, these delays were offset by the decision to cancel
several reactor face work activities. For example, the leak testing and re-rolling of G12 calandria
tube joints was cancelled when it was determined, based on the video inspection results, that the
condition of the calandria tube rolled joints rendered these activities impractical.
The fuel channel removal and isolation work took 14 days including the two days spent for
calandria tube video inspections and was completed on December 6, 1993.
5.3

Difficulties Encountered, Solutions Employed, and Lessons Learnt

•
Bellows Weld Cutting: The bellows cutting tooling and procedures were developed based
on the available plant drawings which showed a 3/16" bellows weld. The bellows and stop collar
welds at construction were manual welds and the actual joint welds were found to be 1/2" in size.
It took three cuts to remove all of the metal on the bellows weld joint. The additional cuts
necessitated tool modifications and required in-situ adjustments.
•
South End Fitting Jacking and Impacting: The stuck south end fitting was released
without much difficulty with the application of vibration, impacting, and axial pull forces.
However, the bellows sleeve remained seized in position due to corrosion and as a result
difficulties were experienced during south end fitting flasking. The bellows did not come cleanly
into the flask together with the bellows sleeve. The two sleeves remained stuck together resulting
in excessive stretching and eventual tearing of the bellows at mid-length. This required the
development of contingency tooling and procedures to eventually remove the remnants of the torn
bellows and the stuck bellows sleeve. The KANUPP bellows were designed to be removed and
replaced, unlike the bellows in other CANDU units which are normally retained during fuel
channel replacement.
•
Pressure Tube Push and Flasking: The air operated push tool could not cope with the
high forces required during pressure tube push. The 2" locked-in sag in the pressure tube required
impacting type forces which the air powered tool was not designed to apply. The tool had to be
disconnected from the air cylinders and the push completed manually. Even then further
difficulties were experienced when the leading end of the second half of the pressure tube hit the
internal step at the south end of the calandria tube. The step that caused the pressure tube to

hang up in the calandria tube bore is at the transition from the thick end section to the thin mid
section of the calandria tube.
The problem encountered with the pressure tube hang up had not been experienced during tool
testing and commissioning since no reactor grade KANUPP calandria tubes were available for
mockup use. After several hours of investigations and repeated manual push attempts the two
pressure tube halves were flasked. The push tool head survived the repeated pounding required to
get the pressure tube over the step in the calandria tube bore. The 100 R/hour fields emanating
from the push tool head led to the decision to have it cut off from the rest of the tool, flasked, and
disposed of. In addition to the step in the calandria tube, the broken up garter springs likely
contributed to the difficulties experienced during pressure tube push.
•
Garter Spring Fragments: It was deemed likely that the garter springs would be broken
up during pressure tube push due the excessive sag in the pressure tube. The flask was designed
with a funnel type garter spring fragment and debris collection attachment. Garter spring
fragments remained inside the calandria tube bore during the flasking of the pressure tube.
During calandria tube swabbing activities, a mixture of "black" liquid and solid debris was pushed
into a collapsing plastic bag bridging the gap between the calandria tube extension sleeve and the
flask. This necessitated the use of special handling procedures during subsequent clean up work.
•
Bellows Welding: Despite the extensive efforts expended in design and development of the
bellows welding tooling, the selection of state-of-the art welding machines, and the
comprehensive training work at site, a number of difficulties were still experienced during the
reactor face bellows welding activities. Even with the additional feeder pipes isolated and
disconnected, the tight spatial conditions around the weld joints made tool installation and
operation extremely difficult.
Some contingency tooling repairs and modifications had to be carried out and weld repairs
performed. In the end the Channel Isolation Seal Plugs (Dummy End Fittings) were successfully
welded. Bellows welding proved to be the most dose intensive and time consuming fuel channel
removal and isolation activity.

6.0

RADIOLOGICAL CONDITIONS AND DOSE

The self-shielded tooling used and the radiological safety procedures followed helped keep the
worker dose levels down during the SOK-FCIA site work. The use of temporary shield plugs at
both ends of all empty channels and the extensive training programs undertaken at site resulted in
major reductions in worker dose.
The reactor building was kept under purge during the entire outage allowing the tritium levels to
be kept at or below 10 MPCa. The anticipated air-borne tritium levels of 100 MPCa without
purging would have significantly undermined the dose reductions efforts.

The total outage dose of 750 Man-mSv (75 Man-Rem) is respectable in view of the fact that large
portions of the work was carried out at the reactor face where general radiation fields were about
100 mRem/hr (1 mSv/hr). The beams from open (unshielded) channels were in the range of 40
Rem/hr (400 mSv/hr). The total number of KANUPP and AECL staff who performed radioactive
work during the outage was 194. This translates into an average dose of 387 mRem per worker.
A breakdown of dose expenditures associated with the groups of activities performed during the
SOK-FCIA program site work is tabulated below.
SOK-FCIA Program
Site Activities
• Defuelling of Inspection Channels.
• Isolation of Inspection Channels from the PHT System.
• Reactor Vault Preparations.

Dose Expenditure
in Man-Rem (Man-mSv)
10.5
(105)

• Fuel Channel Inspections.
• G12 Fuel Channel Removal and Isolation.
• Irradiated Components/Materials Handling.

50.9
(509)

•Normalization of Reactor Vaults.
• Decontamination of Tooling, Equipment, and Facilities.
• Refuelling of Inspection Channels.
• PHT System Refill and Restoration at Inspection Channels.

13.6
(136)

Outage Total

75 (750)

At various points during the outage, particulate radioactive debris or garter spring fragments
pushed out of the fuel channels had dose rates in the range of 200 - 400 Rem/hr ( 2 - 4 Sv/hr) and
required special handling procedures.
7.0

CONCLUSIONS

The SOK-FCIA program was the first fuel channel removal and isolation campaign undertaken by
KANUPP and despite the tight 11 month schedule, the complex process, and the many technical
challenges faced, the work was completed successfully and on schedule. KANUPP, AECL
CANDU, and AECL Research-CRL personnel worked effectively towards successful SOK-FCIA
site work implementation. PAEC staff has gained valuable technical experience and expertise
during the SOK-FCIA program site work and this will undoubtedly play an important part in
ensuring continued Safe Operation of KANUPP.
At the conclusion of the site work and based on the preliminary inspection results, fuel channel
F15 which had previously been isolated as a precautionary measure, was normalized. The plant is
now running at a higher capacity with 207 of the 208 fuel channels in service. The primary
program objective of continued safe operation of KANUPP appears well in hand with the
scheduled issue date of June 1994 for the final AECL Research-CRL report on the inspection and
metallurgical examination results.
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REPLACEMENT OF CANDU 6 STEAM GENERATORS - A CONCEPTUAL METHOD
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New Brunswick, E3B 2W3
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The New Brunswick Power Corporation
1.

•/

ABSTRACT

The performance of the steam generators in all the four operational CANDU 6 plants has been
much better than some PWR plants. Nevertheless it may be necessary at some time to replace
all the boiler tubes in a CANDU 6 steam generator in order to achieve an extended plant life
of 60 years.
There is no defined method of undertaking this boiler tube replacement, so in 1993, The New
Brunswick Power Corporation undertook a preliminary spatial study of the Point Lepreau
CANDU 6 nuclear Generating station, to see if it would be possible to remove and replace the
bottom half of a fully tubed steam generator.
Firstly a 3D CADD model of relevant structures and equipment was created from as-built
drawings. Then it was shown by 3D CADD WALKTHRU that there was space to lift up the
bottom half of a steam generator and move it out of the reactor building equipment airlock.
2

STEAM GENERATORS REPLACEMENT ELSEWHERE

2.1

PWRs

A listing of past, present and future PWR steam generator replacement projects worldwide
indicates that 67 plants have either replaced or are planning to replace some 195 Steam
generators, of which 13 have already been replaced. Refer Table 1, 2 pages.
Most of these plants' original tubing was Inconel 600 material known to have problems in a
corrosive environment (Reference #1), instead of Incoloy 800 installed at Lepreau.
Nevertheless, this program of steam generator replacement elsewhere draws attention to the
question of how would it be possible to replace the steam generators on a CANDU 6.
Many PWRs have undergone steam generator replacement in very short periods of time and
reasonably low cost. PWRs typically have an hatch large enough to pass the bottom half of a
steam generator.

2.1

PWRs (continued)

On some PWR plants large holes have been cut into the containment structures which is possible
for simple reinforced structures or if a prestressed structure, the cables are greased so that they
can be pulled out of their ducts and new cables installed after the holes have been reconstructed.
Also PWR plants have large overhead polar cranes which may only require minor modifications
to lift a steam generator bottom half. This allows for short down times for replacement of six
months or less.
2.2

Other CANDU Steam Generators

No other CANDU plants have published intentions to replace steam generators, although an
Ontario Hydro study was made on replacement of the Bruce 2 steam generators. This study is
not thought to be particularly useful to the method of replacement of steam generators a Lepreau
or the other CANDU 6 plants, because of the differences in the design and layout of the reactor
building.
3

CANDU 6 STEAM GENERATOR RETUBING - OPTIONS

All the CANDU 6 containment buildings have grouted prestressed cables which preclude the
possibility of cutting a large hole in the roof, or following the original steam generator
installation route which was through large temporary openings at grade level.
There are therefore two main options for retubing CANDU 6 steam generators;
- Option #1; Retubing steam generator in situ
- Option #2; Removing the steam generator bottom half and retubing in a factory.
4

OPTION #1 - STEAM GENERATOR RETUBE IN SITU

4.1

Lepreau History

There is experience at Lepreau in retubing the steam generators (S/Gs) in situ (Reference #2);
referred to herein as the 1980 repair.
Due to a manufacturing defect, the boiler tubes in all the S/Gs were replaced towards the end
of construction of Lepreau. The S/G top halves were cut off and moved to one side. Then all
the boiler tubes (3550 tubes per S/G) were cut out and replaced in bundles by persons working
inside the S/G bottom half which remained in situ. Then the S/G top halves were moved back
and welded to the bottom halves.
Dismantling started in December 1979. Final rebuild procedures and tests were completed by
mid-February 1981, i.e. a total of 14 months. The time required to manufacture at short notice
replacement tube bundles was a major cause of the length of this schedule.

4.1

Lepreau History (continued)

The retube in situ option would be based on using the same basic operations as the 1980
repair. The major difference would be the possibly significant radioactive working environment
inside the steam generators and the removal of contaminated tube bundles.
4.1.1 Disadvantages of Retube in Situ :
1) Removal of a large amount of steel walkway, support structure and dousing system piping
will be required in order to provide vertical space for monorails to bring in the new tube
bundles.
2) Aggressive chemical cleaning will be required to minimize the radiation effects on primary
and secondary sides.
3) The time required for removal and replacement of boiler tubes will be much longer than
before, because radiation and contamination inside the boilers will reduce worker productivity.
The old boiler tubes have to be cut into pieces before they can be removed; this will complicate
containing these contaminated or irradiated components.
4) Erosion of other components inside the steam generator after more than 25 years of service,
may complicate fixing the new tube bundles.
5) The cladding on the underside of the tubesheet which was cut into in order to make the 1980
repairs, will have to be investigated to determine if, after more than 25 years of corrosion, there
is sufficient good material left for a second cutting into.
6) The time required for in situ removal and then replacement of boiler tubes may be much
longer than Option #2, even with all the tube bundles being manufactured beforehand.
7) Boiler tube replacement in situ after steam generators have been in service has never been
done before. All the replacement projects presently undertaken elsewhere involve removal of at
least the complete bottom half of the steam generator. Boiler tube replacement in situ was
considered for some US and Japanese plants but was discarded for various reasons similar to the
above disadvantages.
4.2.2 Advantages of Retube In Situ:
1) Minimal large scale movement of very heavy components.
2) Cranes required will be of reasonable capacity.
3) Plans of the previous replacement of steam generator tubes (1981) exist so that potentially less
work in planning required (e.g. the design of the monorail system used previously could be used
again).

5
5.1

OPTION #2 - STEAM GENERATOR REPLACEMENT
General Concept of Option #2

This option involves removal of the bottom half of the steam generators and retubing in a
workshop or factory.
There are various scenarios for retubing - from having complete new bottom halves to retubing
the old bottom halves, and from retubing in a workshop on site to return to the original
manufactures. These alternate scenarios have one aspect in common; how to remove a bottom
half from the reactor building which is the original work described in this paper.
The steam generator (S/G) is cut at a point between the steam drum and the top of the tube
bundles and the top and bottom halves moved as summarised in the attached diagram,
Figure 1.
The top portion consisting mostly of the steam drum, is jacked up on monorails on the concrete
structure which surrounds the steam generators (Step Tl), and moved over towards the
containment wall (Step T2). The steam drum is then be available for refurbishment in this
position.
This is similar to the 1980 repair but the optimum location of this top cut may not be exactly
the same as before because it may be desirable to minimise the length of the bottom half.
The bottom half is then lifted up and out of the concrete support structure (Step Bl) and over
the crane rails (Step B2). Facilities will be required for lifting, moving and lowering the S/G top
halves until they are below the central crane (Steps Bl, B2 and B3).
The key to this plan is to retain the main structural steel beams which support the dousing
system piping, valve stations and access ways. These six main beams form large "A shapes" in
plan as shown on Figure 2, and are supported by steel hangers from the inner dome. The S/G
bottom halves are moved (Step B2) towards the center of the reactor building within the apex
of these "A shapes". This minimizes the amount of secondary structural steel and dousing pipes
and valves required to clear a way for movement of both the bottom and top halves of the S/G.
The S/G bottom half is then be lowered (Step B3) into a position sufficiently below the dousing
system support structure but high enough to allow horizontal movement (Step B4). The large
heat transport (H.T.) pumps have to be removed, which is a normal operation. The adjacent
steel members which act as restraints to the H.T. pumps and supports for cabling connections,
also have to removed; this is not a normal operation.

5.1 General concept of Option #2 (continued)
A modified crane is required to move the S/G bottom half over to the horizontal hatch in the
boiler room floor (Step B4), and then lower it down (Step B5) to the main airlock. The
approximate weight of a S/G bottom half is 130T, therefore the existing 60T boiler room crane's
maximum structural capacity must be determined and major modifications made to handle this
much greater load.
The final steps (not shown on the diagram) take place beneath the hatch. The S/G bottom half
is turned so that it's axis is horizontal and moved through the airlock, which has both doors
open,and into the Service Building. These final steps have also been demonstrated on the
3D CADD Walkthru.
It appears that moving the S/G bottom halves will be reasonably possible but will require a
significant lead time for design and structural analysis.
Since moving in a fully tubed new S/G bottom half is the ultimate requirement, the possibility
of removing the old S/G bottom halves in pieces has not been considered.
5.2

Bottom Cut Location

A bottom cut ( not shown on the diagram) has to made at or below the bottom of the S/G. There
are the following options for the location of the bottom cut.
5.2.1 Bottom Cut Option #2.1
Cutting the bottom end of the S/G just below the tube sheet, leaving the bowl and inlet/outlet
piping in position. The disadvantage of this option is cutting the thick bowl, and rewelding with
such a large heat sink.
5.2.2 Bottom Cut Option #2.2
Cutting the bottom end of the subassembly at the inlet/outlet nozzles. Compared with
Option #2.1, this adds about 1.5m in length to the length of the S/G bottom half. This length
has been used because in the CADD WALKTHRU because length is of primary concern in
moving the S/G bottom half.
The inlet and outlet H.T. piping may spring requiring major bracing and/or replacement of
sections of the piping.

5.3

Advantages of Steam Generator Replacement.

Compared with retubing in situ (Option #1), the advantages of replacing a fully tubed S/G
bottom half are;
1) Manual labour working in the vault is considerably less.
2) Radiation work hazards would be minimised. On balance, there appears to much less work
in a radioactive environment, although it is recognised that cutting the H.T. pipes at the inlet
and outlet nozzles involves work in the a radiation field coming from the feeders. However the
time involved should be much less than working inside the steam generators, cutting and
removing the old tubes, and subsequent individual installation of new boiler tubes.
3) Complete containment of radioactive contamination inside the S/G bottom half before leaving
the vault is easy.
4) Supply of complete new S/G bottom halves may minimise the outage required.
5) It may be possible to make improvements to the design of the steam generator such as
increase in thermal capacity and better access/layout for future maintenance. Such improvements
might be impossible to incorporate into existing units.
5.4

Disadvantages of Steam Generator Replacement:

1) Facilities will be required for lifting, moving and lowering the S/G bottom halves until they
are below the central crane (Steps Bl, B2 and B3).
2) The approximate weight of a S/G bottom half is 130T, compared with the existing 60T boiler
room crane. However it is conceivable that the crane beams and rails could support 130T.
5.5

Boiler Room Crane Options

The following are some alternate possible crane arrangements for moving an S/G bottom half
through Steps B4 and B5;
a) The S/G bottom half can fit between the beams of the existing crane, so maybe the
existing 60 ton crane could be modified for this lifting arrangement and 130T weight.
b) Maybe two cranes could work in tandem - a modified existing 60T plus a new 70T
crane. However there is limited space for two cranes to operate due to the curvature
of the vault and only one crane can fit over the hatch.
c) The existing 60T crane could be parked at the south end and a temporary 130T crane
erected on the existing crane rails.
d) The existing 60T crane could be disassembled and replaced by a new 130T crane.

6

PRELIMINARY ESTIMATE OF SCHEDULE

Based on American, European and Japanese PWR and BWR steam generator replacement
projects (complete replacements and subassembly replacements) and the unique situation of
CANDU 6 steam generator subassembly replacement as described in this paper, the following
are preliminary estimates of the required schedule;
1) If replacement by fully tubed S/G bottom halves is to undertaken, then serious
planning would have to start 5 years before the desired outage, in order to allow sufficient time
to develop and approve the concept for a CANDU 6, followed by bid preparation, contract
agreement and manufacture.
2) An outage of up to 12 months may be required . This will be much longer than
achieved with most PWR plants which have large access hatches and overhead cranes, requiring
little to no modification.
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CONCLUSION

1) A method of CANDU 6 steam generator retubing merits detailed study and definition. The
work summarised in the above paper was really only a spatial study and not a conceptaul
engineering study which would require discussions with the following;
- the steam generator manufacturer.
- the 60T crane manufacturer and experts in very heavy lifts.
- the designers of the internal structures of the reactor building to identify loading points and
capacities.
- experts in radiation decontamination and the health physics and productivity of working in
residual radiation fields and contamination hazards.
2) The choice between Option #1 and #2 is not obvious; detailed work and investigation is
required to select the best option.
3) If steam generator retubing took place during an 18 month outage for Large Scale Fuel
Channel Replacement then these major refurbishments could be achieved in an economical
manner. However the interrelationship between LSFCR activities and steam generator
replacement will have to be studied, particularly the use and limitations of the existing 60T
boiler room crane.
4) Planning would have to start at least 5 years before the desired outage, in order to allow
sufficient time to develop the concept.
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World Wide Steam Generator Replacement Projects, Past to Future
Rating
MWE

No. of

In
Service

S/Gs

Belgium
Doel 3
Doel4
Tihange 1

900
1010
870

France
Bugey 5
Graveli nes 1
CP1 Plants (4)
Dampierre 1

Date

Replace
Date

Years
of
Service (a)

3
3
3

1982
1985
1975

1993
1996
1995

11
11
20

900
910
900
890

3
3
12
3

1980
1980
1979
1980

1993
1994
1995
1990

13
14
16
10

Germany
Obrigheim KWO

340

2

1969

1983

14

Japan
Genkai 1
Mihama 1
Mihama 2
Mihama 3
Ohi 1
Ohi2
Takahama 1
Takahama 2

529
320
470
780
1120
1120
780
780

2
2
2
3
4
4
3
3

1975
1970
1972
1976
1979
1979
1974
1975

1994
1996
1995
1996
1994
1998
1996
1994

19
26
23
20
15
19
22
19

Spain
Almaraz 1
Almaraz 2
Asco 1
Asco 2

900
900
887
887

6
6
6
6

1981
1984
1984
1986

1996
1996
1995
1995

15
12
11
9

Sweden
Ringhals 2
Ringhals 3

800
915

3
3

1975
1981

1989
1995

14
14

Switzerland
Beznau 1

350

2

1969

1993

24

Plant

Average Years of Service -M
(a)This is the least number of years of service based on information available 08/93
A total of 67 Plants with past or planned planning for S/G replacement.
A total of 195 S/Gs of which 13 have been replaced.
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World Wide Steam Generator Replacement Projects, Past to Future
Plant

Rating
MWE

No.of
S/Gs

In
Service
Date

Replace
Date

Years
of
Service

833
833
865
865
1129
1020
1090
873
872
488
470
975
1005
540
840
1129
1129
889
911
907
805
485
485
503
500
769
1090
1115
1070
1080
839
839
900
895
788
788
1130
666
666
1040
1040

3
3
2
2
4
4
4
3
3
2
2
4
4
2
3
4
4
2
3
3
2
2
2
2
2
3
4
4
2
2
2
2
3
3
3
3
4
3
3
4
4

1977
1987
1975
1977
1985
1975
1978
1977
1981
1973
1970
1974
1976
1974
1972
1981
1984
1975
1978
1980
1971
1970
1972
1974
1975
1971
1977
1981
1983
1984
1976
1983
1987
1984
1972
1973
1976
1972
1973
1973
1974

2001
2001
2000
2000
1995
2000
1989
2005
2005
1999
1996
2000
1989
1997
1999
1995
1995
1992
1993
1996
1990
1984
1996
2006
2006
1984
2002
2006
2000
2000
1996
2000
2000
1994
1981
1980
1996
1982
1983
1996
2001

24
14
25
23
10
25
11
28
24
26
26
26
13
23
27
14
11
17
15
16
19
14
24
32
31
13
25
25
17
16
20
17
13
10
9
7
20
10
10
23
27

United States
Beaver Valley 1
Beaver Valley 2
Calvert Cliffs 1
Calvert Cliffs 2
Catawba 1
DC Cook 1
DC Cook 2
Farley 1
Farley 2
Fort Calhoun 1
Ginna
Indian Point 2
Indian Point 3
Kewanee
Maine Yankee
McGuire 1
McGuire 2
Millstone 2
North Anna 1
North Anna 2
Palisades
Point Beach 1
Point Beach 2
Prairie Island 1
Prairie Island 2
H.B. Robinson 2
Salem 1
Salem 2
San Onofre 2
San Onofre 3
St. Lucie 1
St. Lucie 2
Shearon-Harris 1
Summer
Surry 1
Surry 2
Trojan
Turkey Point 3
Turkey Point 4
Zion 1
Zion2
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ABSTRACT

-,

A COG-funded project is underway to build on past good annunciation practice and develop
concepts for improved CANDU annunciation. The main goal of the project is to solve the
"information overload" problem that occurs during major plant upsets, while providing operators
with annunciation information needed to prevent, mitigate, and accommodate plant disturbances.
To achieve this goal, a set of annunciation concepts have been developed based on the operational
needs when performing tasks, and the human factor issues involved in a complex supervisory
control environment. A prototype annunciation system that incorporates new concepts for
annunciation processing has been developed and demonstrated with Point Lepreau Generating
Station operations staff. The results of preliminary evaluations show that the system has the
potential to solve many of the current problems associated with upset management. Further
evaluation of these processing techniques against a more diverse range of scenarios is planned for
1994. This paper describes the basis for the annunciation information processing techniques in the
prototype, including preliminary feedback from operators.
INTRODUCTION
Feedback from operations staff at all CANDU stations continues to indicate that existing alarm
annunciation systems need further improvement to meet their needs, especially during plant upsets
when "alarm flooding" occurs (Guo et alM 1992). During major upsets (e.g., reactor or turbine
trip), hundreds of process and equipment changes are annunciated, many of which are irrelevant
and unimportant to the plant's situation. In some instances, this large number of annunciation
messages may overload the capacity of annunciation presentation media, and impede the ability of
the operations staff to assimilate the messages.
A COG-funded project was initiated in 1990 to build on past good annunciation practice, and
develop concepts for an improved annunciation system. Benefits of applying this work include:
improved plant capacity factors, through a reduced number of forced trips; improved trip recovery;
and improved equipment protection. Our research has led to the development of a prototype
annunciation system that incorporates new concepts for annunciation information processing,
presentation, and human-system interaction. The Point Lepreau Generating Station (PLGS) has
been used as the reference plant. Input and comments have been received from other CANDU
stations.
This paper describes the basis for the annunciation information processing techniques in the
prototype, including preliminary feedback from operations. The work related to improvements of
annunciation presentation and human interactions will be published in separate papers.
OBJECTIVES OF ANNUNCIATION PROCESSING
A usability study of the existing CANDU annunciation systems identified information overload
during plant upsets as a significant issue in existing system designs (Sheehy et al., 1993). The key

source of the problem is that a large number of messages that are presented are irrelevant to the
upset:
•

The existing alarm conditioning functionality is inadequate, because it is only applied in a
limited way and does not take into account the process dynamics over time. Therefore, many
alarms presented are irrelevant, and a nuisance for operators.

•

The existing major/minor classification scheme is insufficient, because the classification
decision is made statically, without considering the situational context in which the alarm is
generated. As a result, alarm messages that may be important for one situation but not for
other situations are always presented as higher-priority messages.

•

The existing system still relies on the "one signal - one message" annunciation philosophy.
This results in many alarms that are very similar or totally redundant These detailed alarms
may be useful for normal operations or minor disturbances, but they are not important during
major plant upsets, and can divert an operator's attention from more important activities.

A set of alarm processing techniques has been developed to reduce alarm flooding during upsets,
and to make the annunciation system more usable and effective in supporting operational tasks.
The annunciation processing techniques are organized into the following groups:
•
•

•
•

•

Signal Validation - to increase system tolerance to individual sensor errors and thus increase
system reliability.
Plant Mode Determination - to categorize plant operating situations into a limited set of
contiguous regions that provide a context in which to determine a message's relevance and
importance.
Irrelevant Message Conditioning - extensive conditioning to eliminate irrelevant and nuisance
alarms.
New Message Generation - to provide new, informative messages, including predictive
warnings for the prevention of plant trips, safety margin reduction, or equipment protection,
and indications of expected-but-failed-to-occur actions.
Improved Prioritization - based on the consequence to the plant and the urgency of the
required operator response, and applied based on the current plant mode.

ANNUNCIATION PROCESSING TECHNIQUES
Signal Validation
Signal validation is essential to the success of the annunciation system, because:
•

The plant mode and events, which are used for alarm prioritization and conditioning, are
determined based on the on-line signal values; the entire annunciation processing could be
corrupted by erroneous data acquired from malfunctioning sensors.
False alarming due to faulty signals, or so-called "crying wolf phenomena, has been a
problem in existing annunciation systems. It affects the operators' confidence and trust in the
use of an annunciation system.

In CANDU plants, several conventional signal-validation techniques have already been used, such
as a comparison of redundant sensors, irrationality checking, and periodic calibration tests. These
techniques are used directly in the prototype system, since the prototype receives data directly from
the Digital Control Computers (DCCs). However, additional validation techniques may be
required to provide a higher degree of assurance for the signals used to determine the current plant

mode or events. The conventional techniques have limitations, such as vulnerability to common
mode failures, and some are unsuitable for continuous monitoring applications. Consequently, an
additional validation technique, analytical redundancy, is applied to validate important signals. The
analytical redundancy technique uses functional relationships between variables to provide a
redundant source of information. For example, valve position and the differential pressure across
the valve can be used to calculate the flow through the valve. This calculated value is a redundant
indication of the flow, and can be used to validate the flow sensor.
Plant Mode Determination
The key to annunciation improvement is to process annunciation information so that only messages
relevant to a particular plant situation are displayed to operators. To achieve this, the concept of
plant mode is used to provide a context in which to determine the relevance and importance of
annunciation messages.
Plant modes categorize plant operating situations into a limited set of contiguous plant operating
regions. In the prototype system, a goal-based approach is used to define plant modes. The
primary operational objectives of a CANDU plant are to maintain safety and optimize economical
electrical generation. These objectives can be achieved by maintaining the following four major
operating goals:
•

control (i.e., control reactor power),

•
•
•

cool (i.e., transport heat to the heatsink),
contain (i.e., contain radioactivity), and
convert (Le., convert thermal energy to electrical energy).

Each of the above goals may have several possible states, called submodes, of the operating goal
(see Table 1). A submode of an operating goal is characterized by a combination of the system
configuration and/or the status of specific plant parameters associated with the goal. Sub-modes
are defined such that, in any given plant situation, each operating goal has one and only one
"active" submode. Note that the plant modes defined in Table 1 are preliminary. We expect that a
utility would modify or extend the definitions to meet their specific needs.
The plant mode, then, comprises the four submodes that pertain to each of the major operating
goals for the current plant situation. For example, during normal plant operation, the four
submodes are Power, Boilers, Barriers intact, and Generating. Note that not all of the
combinations are practically possible, and therefore the number of plant modes is quite
manageable.
Irrelevant Message Conditioning
One of the objectives of the alarm processing activities is to suppress annunciation messages that
are irrelevant or of little importance to the current plant mode. Note that the word "suppression"
merely means that the message is not presented on the main annunciation presentation media; it is
still available from a workstation on the operator's desk. The following four techniques have been
incorporated into the prototype to identify irrelevant messages:
Causal-State Conditioning: This technique identifies messages that are of little operational
importance, and that are the direct consequence of some process or equipment state already
annunciated. When a causal condition is detected to be active, a time period is set to watch for
the occurrence of each of its consequent alarms. If the consequent alarm occurs within the

Table 1: Definition of plant mode.

Operating
goal
Control

Goal's
submode
Power
Low Power
Zero power
Shutdown
Boilers

Cool
Shutdown
cooling
LOCA-ECC

Contain

Convert

Barriers intact
Fuel failure
PHT breach
failure
Reactor service
PHT/boiler
service
Generating
Motoring^
Wannup
Rundown
Turning gear
Attest

Description of the submode
Reactor power > 65%
5% < reactor power < 65%
1(H% < reactor power < 5%
Reactorpower < 1(H% and stable
Boiler pressure maintained above 3.6 MPa and nominally at 4.6
MPa
Boiler level maintained as a function of reactor power
Steam flow to turbines, condenser, or atmosphere
PrimaryJIeat Transport system (PHT) pressurized
PHT depressurized
PHT breached and emergency coolant injection to maintain heat
transfer from fuel
All three barriers intact
Fuel sheath breached, PHT and containment intact
Fuel sheath and PHT breached and containment intact
Containment intentionally breached and fuel and PHT intact
Containment, PHT and boilers intentionally breached and fuel
sheath intact
Generating electricity
Absorbing power from grid to maintain speed and synchronization
Turbine speed < 1800 rpm and generator unsynchronized
Turbine speed decreasing and < 1800 rpm and > turning gear
^peed
Turbine speed being maintained by turning gear motor
Turbine-generator at rest

expected period, it is conditioned out. If the consequent alarm occurs before or after the
expected period, it is annunciated as usual. Similarly, when a causal condition returns to
normal, a time period is set to watch for the retum-to-normal state of each of its consequent
annunciation conditions. If a consequent annunciation condition returns to normal within the
expected period, the consequent alarm is conditioned out; otherwise, the consequent condition
is annunciated as not returning to normal within the expected time period.
Transient Messages Conditioning: When an event such as a Shutdown System 1 (SDS1) trip
occurs, a number of annunciation messages become active, and then automatically return to
normal within a short period of time. These messages reflect the normal transient of the plant,
not any real 'problems' with the underlying processes. Operationally, no loss of information
occurs if these messages are suppressed. However, should any of these transient
annunciation messages not return to normal within the time period, the prototype system will
annunciate the condition to operators.
Coalescing: Many channelized messages can be coalesced to form a single summary message
if they all occur within a short time period. For example, when reactor power is less than 5%,
SDS 1 trips on Boiler Level Low are inhibited. With the coalescing technique, a single
message, such as "SDS1 BOILER LEVEL TRIP INHmiTED, CH D, E, AND F", will be
generated instead of a separate message for each channel.

•

Chattering Removal: Repeated alarms are fired due to signal oscillation and chattering near the
alarm limits. These alaims are removed, since they do not contain new information about the
disturbance process. In the prototype annunciation system, if an annunciation message occurs
three times within one minute, the annunciation input is tagged as "chattering". Consequently,
no further message is generated from this input.

New Message Generation
Two types of new messages that currently do not exist in CANDU stations have been identified for
operators and are incorporated into the prototype:
•

Expected-but-failed-to-occur action messages. Following an upset, current CANDU
annunciation systems generate many messages that merely provide feedback on the actuation
of automatic actions, contributing to the problem of annunciation overload. Such expected
messages indicate changes in equipment status, and are viewed by operators as being less
important than any fault condition. However, if an expected automatic action does not occur
within its expected time period, this information becomes very important and should be
annunciated as a fault, because operator intervention may be needed.

•

Impending actuation of protective function messages. One important operating goal is to
maintain plant parameters within acceptable limits, so that the protective functions, such as
Stepback and SDS 1, are not actuated. Operators have indicated a need to be warned about the
impending actuation of protective functions. The warnings are generated in the prototype by
estimating when a given protective function trip parameter will reach its trip limit. The
estimated time is based on the rate of change of the parameter and the current operating
margin.
Improved Prioritization
A new prioritization scheme has been developed and uses two factors to determine the priority of
an annunciation message: the consequence to the plant and the urgency of operator response. The
priority determination is dynamic, because the assessments of the two factors are based on
individual plant modes. As a result, a message may have different priority values for different
plant modes.
The consequence factor is defined by the impact that an annunciation condition has on plant safety
and production goals over time. Hence, the consequence factor of a given message is determined
by the level of severity and the time to realize the consequence, should the alarm information not be
received and acted upon by operators. Plant consequences, in descending order of severity, that
are used to determine the consequence factor of a message's priority are:
•
•
•

danger to people or the environment,
Critical Safety Parameters endangered,
danger to the plant or major component,

•
•
•
•
•

operating configurations outside licence limit,
satisfaction of an Emergency Operating Procedure's entry conditions,
significant reduction in generation,
challenge to stable production state,
less-economic operating configuration,

•

loss or damage to a safety component, and

•

loss or damage to a production component.

CANDU stations may change the consequence items and their orders to meet individual plant
needs.
The urgency factor is a combination of the required urgency of response (i.e., the time required for
the operator to perform the corrective task), and the nature of the action to be performed (i.e., the
level of cognitive and physical resources demanded for completing the task). Rasmussen's model
of decision-making (Rasmussen, 1986) is used to derive the nature of the operator's response.
ARCHITECTURE OF THE ANNUNCIATION PROTOTYPE
An architecture of the improved annunciation system is shown in Figure 1. Overall function of the
annunciation system is divided into four major components: the plant data acquisition component,
the detection and processing component, the human-machine interface component, and the
database component.
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Figure 1: Architecture of the annunciation system.
An interface between the plant DCCs and the other components of the annunciation system is
provided by the data acquisition component. Inputs to the data acquisition component include
alarms produced by the control and annunciation programs in the DCC, and analog and digital
plant signals. Outputs of the data acquisition component are the plant data that have been preprocessed (i.e., selected, validated, or calculated) and converted to engineering units. The plant
data are then sent to the database for storage. Some of the plant data are directly passed to the
detection and processing component for further processing, to minimize data transmission time.

Plant mode, events, and other new annunciation conditions described in the previous section are
determined by the detection and processing component. The component also processes all the
annunciation conditions, to determine whether to display an annunciation condition on the central
display media (conditioning), and in which colour to display the alarm message (prioritization).
Finally, the detection and processing component writes the processed messages into the database
that are used for presentation by the human-machine interface component.
Appropriate annunciation messages are retrieved, from the database or directly from the detection
and processing component, to be displayed on various annunciation system screens. The humanmachine interface component first determines each message's displayable attributes, such as
message text, colour, highlight, and audio tone. It then displays the annunciation messages in the
central panel annunciation screens and in an interrogation system, according to the determined
values of the attributes. In addition, the human-machine interface component handles various useractivated actions, such as alarm acknowledge, and provides the plant operators with a user-paced
means of accessing and investigating annunciation information through the interrogation system
located on the operator's desk.
One of the key components of the proposed annunciation system is the database component. It
stores all the information required for annunciation processing and presentation, and provides
communication services to transfer data among various components. The information stored in the
database can be classified into two categories: static information that permanently resides in the
database, and dynamic information that is inserted in the database during system run-time.
Static information consists of plant-specific data, such as:
•

plant signals-related information (instrument, engineering unit, computer I/O addresses, etc.),

•
•

definitions of plant modes and events,
annunciation processing knowledge, such as cause-consequence relationships,

•

priority-related information that specifies priority values and fault/status classification of all
annunciation conditions defined for every plant mode,
presentation-related information, such as message text, the associated plant system, and basic
system index number, and
annunciation response-related information, such as automatic action, required operator action,
and drawings, associated with the annunciation message.

•
•

Storing all plant-specific information in the database isolates it from the processing programs. As a
result, changes can be made to the data without requiring changes to the processing programs.
This approach facilitates maintenance and further enhancement of the annunciation system. Most
of the static data are down-loaded into the main memory of various processing components during
start-up of the annunciation system.
Dynamic information consists of:
Historical data that can be retrieved at any time. For example, the history of the input data that
has associated trend display, and the history of annunciation messages.
Shared data that are used by several components, or various modules within a component,
such as current plant mode information. Storing shared data in the database reduces the
programming effort to ensure data integrity.
The annunciation system can be implemented by a set of low-cost computers networked in an open
systems environment. A client-server model is used for communication among the processing

modules, and is an effective paradigm for inter-process communication across a network. Two
mechanisms of communications are used between annunciation components: communication via
the database, and communication directly between any two processing components.
In the first approach, the output of a component is stored in the database so that any other
components may retrieve the information as needed. The second approach has better performance,
because data are transferred directly between the components without using a secondary storage.
The second approach, however, requires additional programming for data management within the
components, to ensure that data are consistent between the components.
PRELIMINARY EVALUATION AND CONCLUSIONS
For validation and verification studies, a prototype system was implemented on several Unix-based
platforms. The prototype system was demonstrated to operations staff at the Point Lepreau,
Gentilly-2, Darlington, Pickering and Bruce Nuclear Generating Stations. The following two
events are used as test scenarios: Regional Over Power Trip and Recovery, and Boiler Level Trip
and Recovery due to Feedwater Disturbances. Preliminary evaluation results indicate that the
annunciation system described in this report successfully:
•

reduces the volume of central annunciation information by 50% without a loss of any
important information for the scenarios used, and
•
provides better content and organization of information to meet the needs of operators to
identify problems, and provides better support for their response to the problems.
The operations staff have indicated that the proposed approach should solve many of the problems
associated with the current annunciation systems, resulting in potential savings of over $2 million a
year per unit in reduced forced outages. The annunciation processing techniques are applicable to
both plant retrofits and new plant designs.
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CA9600959
BARGE AND RAIL TRANSPORT
OF SLIGHTLY IRRADIATED FUEL IN THE UNITED STATES
A CASE HISTORY
(Rich Wolters, Ed Skeehan, Kevin Theriault, Bob Scott, Ken Hoedeman, Bob Jones)

On September 25, 1993, the first of 33 inter modal barge/rail shipments of slightly used nuclear fuel departed
the Shoreham Nuclear Power Station on Long Island, New York and arrived without event on September 28,
1993 at the Limerick Generating Station in Montgomery County, Pennsylvania (about 40 miles west of
Philadelphia). The "team approach" from the onset of this major project was the key to overcoming the
obstacles in commencing one of the last major milestones in the decommissioning of the Shoreham Nuclear
Power Station.

This paper documents some of the major phases of the fuel removal process and the obstacles which were
overcome up to January 1994. The Shoreham to Limerick Fuel Transfer Project is planned for completion in
mid-1994.

Background

The General Electric Company (GE Nuclear Energy) teamed with the Philadelphia Electric Company (PECO
Energy) under contract from the Long Island Power Authority (LIPA) to remove 560 fuel bundles from the
Shoreham Nuclear Power Station (SNPS) as part of one of the last major tasks to complete decommissioning
of the plant. The 560 fuel bundles included both natural and enriched uranium GE6 type bundles. A unique
aspect of the fuel removal process was that 484 of the 560 slightly irradiated bundles would be reused in
PECO's Limerick Generating Station (LGS). This would present the first undertaking of its kind to remove,
package, and transport only slightly used BWR fuel for reuse in an operating nuclear power plant. GE
Nuclear Energy acted as the overall project manager for the transfer fuel process.
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Reuse of these relatively new fuel bundles provided a sensible option to put the fuel to its intended use, since
the bundles only operated for an equivalent of two effective full power days. Additionally, PECO estimated
that this undertaking would provide the rate payers of the Philadelphia metropolitan area savings on the order
of $70 million over the next ten years. The PECO management team considered this opportunity a "win-win"
situation for them and their customers, along with this being the best fuel disposal option for LIPA.

Shoreham Nuclear Power Station

Shoreham Station, located in Wading River, New York, was originally owned and operated by the Long Island
Lighting Company (LILCO), but later sold to the State of New York when efforts to operate the plant proved
unsuccessful. The state government officials then formed the Long Island Power Authority whose mission was
to safely decommission the facility. In order to decommission, it was necessary to devise a plan to remove the
fuel from the Shoreham facility.

Disposal/Reuse Options

After consideration by LIPA of several fuel removal options, including reprocessing in France, the best option
was determined to be the arrangement with PECO, and agreement was reached with PECO management to
accept the fuel. This was the commencement of a complex process to get the fuel from the SNPS to the LGS.
The original plan called for only rail shipments, but because of vigorous protests by New York City officials
over the shipment of rail cars loaded with nuclear fuel through the city, an alternative of shipping by a
combination of barge and rail was devised. The transport of the fuel involved the use of two IF-300 Irradiated
Fuel Transport Casks and two dedicated barges over the coastal waters of Long Island, New Jersey, Delaware,
and up the Delaware River to the Eddystone Generating Station. The Eddystone Station is a fossil fuel power
plant. From this point, the casks would be off loaded using a crane and placed on a special rail car for the
final leg of the journey. To transport the casks from the reactor building to the barge at Shoreham, a heavy
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haul roll-on/roll-off method was used via the existing barge slip of the intake canal. The Limerick Generating
Station has rail tracks into the reactor building allowing the cask to be driven into the truck bay.

Eddystone Generating Station

The Eddystone Generating Station (EGS) was selected as the inter modal transfer site for several key reasons.
First, the station is owned and operated by PECO, which eliminated additional contracts and additional
support personnel. Secondly, its location on the Delaware River, just south of Philadelphia, would minimize
the length of the rail trip to the Limerick Generating Station. Lastly, most of the support facilities were
already in place at the EGS, such as a barge mooring site and an existing rail siding. A certain amount of
improvements were necessary for the lift-on/lift-off option, but this construction was cost effective over the
roll-on/roll-off method for the 33 loaded and 32 unloaded shipments.

Inter modal Transfer Site

The lift-on/lift-off decision of getting the casks from the barge to the rail car was made after the review of the
dry runs conducted using the empty casks. The original plan was to perform a roll-on/roll-off using a heavy
hauler tractor/trailer combination. After the dry run, it was concluded that the benefits gained with the
stationary crane would more than offset the overall costs of site modifications and equipment rental required
for this method. Using the lift-on/lift-off technique minimized manpower requirements, eliminated tidal
restrictions, and shortened the overall transfer time at EGS.

Limerick Generating Station

The Limerick Generating Station, located in Montgomery County, Pennsylvania, consists of two GE Boiling
Water Reactors (BWR). The Shoreham fuel is suitable for use in both units, being similar to the initial
Limerick Unit 1 core load. Since the fuel is of an older GE design, there are operating considerations and
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strategies to be implemented for Limerick to use this fuel. The station plans to utilize the fuel in each unit and
restrict the fuel to low duty locations in the core (e.g., peripheral locations). Accepting this slightly used fuel
would save the utility from purchasing some new fuel for each of the planned outages over the next decade, a
cost savings which would be passed on to PECO customers.

Proven Shipping Casks

The IF-300 casks were originally designed, built and owned by General Electric. In 1987, GE sold its Nuclear
Waste Transportation Division, which included the casks, to Pacific Nuclear System, Inc. of Federal Way,
Washington (Vectra Tecnologies). The casks have been used in over 300 nuclear fuel shipments involving
more than 1000 metric tons of irradiated fuel. The casks were designed to ship fuel thousands of times more
radioactive than the fuel being removed from the Shoreham site. The casks provide several layers of shielding
and have been designed to sustain severe accident conditions. Within the cask, the fuel is contained inside an
inner cylinder of stainless steel that is 1/2 inch thick. Surrounding the inner cylinder is a shielding wall of
depleted uranium four inches thick. An outer stainless steel shell 1 1/2 inches thick surrounds the shielding
wall. The IF-300 casks are in compliance with federal regulations and are certified by the US Nuclear
Regulatory Commission.

Fuel Packaging

Unique to this fuel transfer was the fact that the fuel would be reused in the Limerick Station. Therefore, it
was necessary to design a fuel bundle packaging system to protect the fuel during transit from forces that
might produce unacceptable shock and/or vibration. Sixty-four polyethylene cluster separators would be
inserted in each fuel bundle using a specially designed Fuel Packaging Insertion and Removal Machine.
These separators were designed to provide additional support between the fuel rods during shipment to negate
any vibration-induced clad fretting wear. After completion of separator insertion, each fuel bundle would then
be placed into an oversized stainless steel channel which is designed to accommodate the extra width of the
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separators. A new IF-300 cask basket was built to hold 17 BWR fuel bundles. Within each of the 17 cells are
9 leaf springs spaced equally along the length of one side of the cell. These springs were designed to hold the
fuel assemblies tightly against the basket to minimize motion to the bundle while in transit. Two baskets were
constructed for each of the two IF-300 casks used.

An extensive packaging test program was conducted to evaluate the effects of fretting damage. Mock-up fuel
bundles were placed on a seismic table in San Jose, California and tested to much greater cyclic stresses than
were expected to be encountered during the actual shipping campaign. Test results showed that no damage
would occur to the fuel due to normal motion during the barge and rail processes. As a result of the test
program, the rail portion of the loaded fuel movement was restricted to a 30 mph speed limit using a dedicated
train.

Marine Transportation Plan

This is the first time that spent nuclear fuel has been shipped by barge. A Marine Transportation Plan was
developed by the Long Island Power Authority and approved by the US Coast Guard. This plan included all of
the necessary routine and emergency operating instructions to be implemented during the barge transit from
Shoreham to the Eddystone Station. Since two casks were being used, two barges were selected and retrofitted
with the necessary fastenings to hold the casks in place. ANSI Standard N 14.24 was the basis for the design
and construction of the barge equipment. Some of the equipment installed on the barges included conservative
measures, such as an Emergency Position Indicating Radio Beacon, Radar Reflector, Emergency Towing
Wire, and Sonic Signaling Device, to protect against very unlikely events.

The tugboats dedicated to the project had to meet certain standards as defined by the Marine Transportation
Plan that was certified and approved by the US Coast Guard. The Coast Guard also inspects the cask and
barge prior to departing from the barge slip at Shoreham along with an independent marine surveyor.
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Government and Community Relations Activities

The barge movement of fuel from Shoreham to Limerick required that personnel from government agencies at
the federal, state, and local levels be contacted. Public relations, licensing, and planning personnel from
LIP A, PECO, GE, and several consultants developed and implemented a detailed action plan to address this
critical area well in advance of the first shipment.

At the federal level, two plans were developed to satisfy relevant regulations and guidelines. The Nuclear
Regulatory Commission required the development of a security plan in accordance with 10CFR73.67. This
plan identified the notification protocols to be implemented by tugboat, train and utility personnel and
immediate response activities to be implemented in the very unlikely event of an accident involving the fuel
shipment. The Coast Guard requested that a marine transportation plan be developed in accordance with
ANSI Standard N14.24 dated 1985. This operations plan detailed the types of vessels to be used, documented
their adequacy, and provided the route and emergency actions to be implemented in the event of an incident.
This plan was reviewed and received approval by the Coast Guard Captain of the Port (COP) of each of the
three zones through which the shipment traveled.

While the movement of nuclear fuel is wholly regulated by the federal government, steps were taken to satisfy
state and local officials that the activities would be carried out in a safe manner. To this end, there were
extensive meetings with state and/or local officials in each of the four involved states of New York, New
Jersey, Delaware, and Pennsylvania. These meetings explained the stringent safety precautions that were
taken. The project's advance recognition that government and public relations at all levels was going to be a
critical factor can be credited for its eventual success in overcoming institutional challenges.
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Railroad Agreement

A rail agreement was reached with the Consolidated Rail Corporation (Conrail). This agreement is in the
form of a negotiated tariff, the usual mechanism for shipments such as this. On all loaded/unloaded cask
movements from the Eddystone Station to the Limerick Station, the railroad was required to move the casks
using a dedicated unit train consisting of a locomotive, two "idler" or "buffer" cars, one cask car, and a
caboose. The train speed is limited to 30 mph to minimize fuel shock and vibration. The movement of the
loaded cask occurs in the early morning hours prior to 5:00 AM to avoid the logistical problems of competing
with other rail services.

Regulatory Compliance

The shipment of spent nuclear fuel is regulated by the US Department of Transportation (DOT) and the
Nuclear Regulatory Commission (NRC). The DOT regulates packaging, labeling, shipping documentation,
personnel training, loading, unloading, handling and storage, as well as transportation vehicle requirements.
The Federal Rail Road Authority has also audited the project. The NRC regulates the use of radioactive
materials, including the licensing and regulation of all shippers. Before spent fuel is shipped, the NRC
requires the shipper to give advance notification to the governor of any state through which the material will
pass. The NRC also licenses the shipping casks. NRC resident inspectors and Region 1 inspectors
periodically audit the shipping processes.

Shipment Cycle

The first of 33 shipments lasted about eight days from a fully loaded cask departing the SNPS barge slip to the
return of the same empty cask. This eight day cycle did not include the additional time for cask handling, fuel
loading/off-loading, and final cask checkout. An additional four days for handling was required on the first
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shipment, but as the project progressed, the plant personnel performing the work became more proficient and
the cycle time at each station was reduced by 50 percent. Once the loaded cask is loaded onto the barge at
Shoreham, the Coast Guard performs a final checkout prior to departure at high tide. A small escort tug tows
the barge to an awaiting ocean-going tug for the journey around Long Island to the Eddystone Station on the
Delaware River.

The 347 mile ocean route takes approximately 36 hours and the lift-off operation at Eddystone is normally
accomplished in less than one hour. The 40 mile rail trip from Eddystone to the Limerick Station takes about
3 hours. The loaded cask can then be moved from airlock to airlock in 48 hours which includes tide and
traffic delays for schedule purposes.

Conclusions

The Shoreham Fuel Transfer Project is the largest US commercial spent fuel shipping campaign in over a
decade. It combines railroad, barge, and heavy-hauling transport modes and involves both lift-on/lift-off and
roll-on/roll-off inter modal transfer methods. The dedication to teamwork has made this project successful
despite numerous obstacles. The net results are:

1)

remarkable cask turnaround times; unloading is routinely performed in 24 hours or less and
loading generally takes 34 to 36 hours,

2)

basically trouble-free shipments considering the number of transport and transfer modes involved,

3)

general public acceptance,

4)

a campaign that is ahead of schedule, and
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5)

a compatible work environment where individuals and organizations are acknowledged for
their skills and are full participants in the decision making process.

The Shoreham Project, when completed, will stand as a positive example of teamwork development and good
management practices.

Acknowledgements:
GE Nuclear Energy
Rich Wolters-Senior Program Manager, Ed Skeehan-Project Manager, Kevin Theriault-Project
Engineer
PECO Energy
Bob Scott-Project Manager
Vectra Technologies
Ken Hoedeman
Consultants
Bob Jones-Hazardous Materials, Brant Aidikoff-Aidikoff Associates, Richard Thibault-TTX
Enterprises, John Harris

Page 9

Illustrations and Descriptions

Figure 1: Shows the IF-300 Irradiated Fuel Transportation System in a vertical
position.
Figure 2: Shows the IF-300 under water at the offloading facility in the cask pit.
The refueling mast has just grappled a fuel bundle.
Figure 3: Shows the IF-300 in the protective enclosure on the rail car. The red
caboose is coupled to the rail car.
Figure 4: Shows the loaded cask being rolled onto the barge at the Shoreham intake
canal.
Figure 5: Was taken at the BWR Services Training Center in San Jose. This is a
picture of the Fuel Packaging Insertion and Removal Machine being tested.
Figure 6: Shows a "dummy" fuel bundle with the plastic cluster seperators
installed.
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ABSTRACT
The spent fuel bay of the Gentilly 2 Nuclear Generating Station will be full by the second
half of 1995. In order to provide the needed interim storage capacity for the spent fuel,
Hydro-Quebec has decided to implement a spent fuel dry storage facility, using AECL
technology, on the Gentilly-2 site. Based upon its technical feasibility, economic and
space saving advantages, operation flexibility, decommissioning facility, and public and
environment protection criteria, the CANSTOR module has been chosen over the concrete
canister method as the preferred dry storage method.
This is the first nuclear project to be submitted for review under the provincial
environmental regulations. Public hearings will be held to assess the project and their
success will be crucial to the acceptance of the project and, therefore, to the future
operation of Gentilly-2. The CANSTOR module will be the first of its kind to be built
either in Canada or elsewhere. Consequently, it is subject to a complete review by the
Atomic Energy Control Board (AECB). The follow-up of all licensing activities involving
the Quebec's Ministry of Environment (MENVIQ) and the AECB (including the Federal
Environmental Assessment Review Office - FEARO), during all phases of design,
construction, commissioning and operation, is presented in order to provide a complete
picture of the implementation of a spent fuel dry storage facility at Gentilly-2.
The licensing process is well underway and is promising a great success.

2.

INTRODUCTION
Since the beginning of its commercial operation in October 1983 until the end of 1992,
Gentilly-2 Nuclear Generating Station has produced a total of 41.5 TWh which represent
the third of the annual production capacity of all Hydro-Quebec's power plants in 1993.
In June 1993, the Gentilly-2 spent fuel bay contained 41,000 spent fuel bundles which
represent approximately 90% of its total capacity. Based on the planned operation
scenario, the total capacity should be reached this year. However, in August 1992, the
AECB approved a request from Hydro-Qudbec to temporarily optimize the spent fuel bay
utilisation in order to postpone to 1995 the commissioning of the Spent Fuel Dry Storage
Facility.
Based upon its economic and space saving advantages, the CANSTOR module has been
chosen over the concrete canister method as the preferred dry storage method. However,
Hydro-Que'bec is requesting a license for both concepts to increase the flexibility of the
installations particularly at the end of the useful life of the nuclear plant.
This is the first nuclear project to be submitted for review under the provincial
environmental regulations; this review process is a challenge in itself. Educating and
informing the reviewers and the public is of prime importance since most have little or
no nuclear background. If public hearings will be held to assess the project, their success
will be crucial to the acceptance of the project. The preparation for this event and the
communication program are thus very important.
The CANSTOR module will be the first of its kind to be built either in Canada or
elsewhere. Consequently, it is subject to a complete review by the Atomic Energy
Control Board (AECB). The AECB in conjunction with the Federal Environmental
Assessment Review Office (FEARO) will assess the project in terms of its impact on the
environment; however, FEARO usually bases its decisions related to nuclear questions
upon the AECB recommendations.
The follow-up of all licensing activities involving the Quebec's Ministry of Environment
(MENVIQ) and the AECB (including FEARO), during all phases of design, construction,
commissioning and operation, is presented in order to provide a complete picture of the
implementation of a dry spent fuel storage facility at Gentilly-2.

3.

THE CANSTOR MODULE CONCEPT

3.1

General
Following the success of the concrete canister dry storage programs, AECL developed the
more advanced, high performance MACSTOR (Modular Air-cooled Canister STORage)
technology. With this new technology, users can accommodate higher burnup fuels, such
as LWR fuel, while reducing the storage site dimensions and the amounts of construction
materials required.

The new storage module design consists of a monolithic, shielded concrete vault structure
containing several spent fuel storage cylinders .
This concept is also used for CANDU spent fuel dry storage under the name of
CANSTOR (figure 1). While retaining the same design principles as the MACSTOR
module, the CANSTOR module geometry is perfectly compatible to existing AECLdesigned dry storage equipment developed for the canister programs. It can thus
efficiently replace concrete canisters at an operating site, offering a substantial reduction
in the site surface requirements while continuing to use the same fuel handling equipment.
Based on its technical feasibility, economic and space saving advantages, operation
flexibility, decommissioning facility, and public and environment protection criteria, the
CANSTOR module has been chosen over the concrete canister method as the preferred
dry storage method at Gentilly-2.
The higher thermal performance of MACSTOR and CANSTOR modules is achieved by
using a continuous passive convection process to cool the fuel storage cylinders inside the
concrete vault.
The technical specifications and description of the CANSTOR module are explained
below. The advantages of CANSTOR technology over concrete canister technology are
summarized in section 3.3.
3.2

Technical Specifications and Description

3.2.1

General
CANSTOR (and MACSTOR) modules meet the design requirements of American
Standard 10CFR72, "Licensing Requirements for the Independent Storage of Spent
Nuclear Fuel and High Level Radioactive Waste".
CANSTOR modules also meet the design criteria of Canadian Standard CAN/CSA
N292.2, "Concrete Canister Storage of Irradiated Fuel".

3.2.2

Fuel Characteristics and Requirements
The irradiated CANDU fuel bundles to be stored must have spent a minimum of 6 years
in the spent fuel bay with an average residual heat load of 6.1 W per bundle. The
maximum fuel temperature of stored fuel must be kept below 160°C by design.

3.2.3

Performance
The CANSTOR modules have a design life of a minimum of 50 years and are compatible
with existing AECL canister dry storage systems without requiring any fuel handling
equipment changes.

3.2.4

Overall Dimensions and Physical Description
The CANSTOR module has a length of 21.6 m, a width of 8.1 m and a height of 7.5 m.
Spent fuel, placed in the same baskets as for concrete canisters, is transferred to the
module with the transfer flask. Figure 2 shows a CANSTOR module loading operation
using the transfer flask and gantry crane.
A CANSTOR module accommodates twenty (20) vertical steel storage cylinders
containing the spent fuel storage baskets. These cylinders are permanently installed, in
two rows of ten, in the module's top slab. They are enclosed by the top slab, side walls
and floor in a single vault-like cavity.

3.2.5

Storage Capacity
The CANSTOR module accommodates 12,000 CANDU fuel bundles stored in 200 sealed
stainless steel storage baskets, each having a 60-bundle capacity (ten (10) baskets per
storage cylinder).

3.2.6

Cooling Design
High-performance passive heat rejection is achieved by a convective process inside the
CANSTOR module (This process is based on the MACSTOR module which is designed
for high thermal dissipation to accommodate high burnup LWR fuels.). Ambient air is
drawn into the module's cavity through ten (10) air inlet ports near its base. The air rises
along the surfaces of the storage cylinders as it picks up the decay heat emitted by the
fuel and exits through twelve (12) outlet ports near the top of the module (figure 3). The
heat rejection capability of the CANSTOR modules was demonstrated experimentally at
AECL Research Whiteshell Laboratories.
The air inlets and outlets design is optimized for maximum heat removal.
temperatures of the fuel and the concrete are kept well below acceptable limits.

3.2.7

The

Shielding Design
The design on contact dose rate is 25 uSv/hr and 200 uSv/hr at 1 m from the module for
6 year old fuel.
The module concrete walls are 0.96 m thick; the top slab is 1.07 m thick. This concrete
thickness is determined by the shielding criteria mentioned above rather than structural
requirements.
The air inlet and outlet circuits are designed as labyrinths, allowing air to circulate
through the vault containing the storage cylinders while providing sufficient cumulative
concrete shielding thickness between these cylinders and the exterior.

3.2.8

Safety Features
CANSTOR modules are designed to resist design basis earthquakes and impacts from
tornado-driven missiles.
CANSTOR modules, like concrete canisters, have two physical barriers enclosing the
spent fuel: the spent fuel basket is a stainless steel seal-welded cylinder containing 60
fuel bundles; the storage cylinder is a steel container that is seal-welded to its permanent
cover after it is filled with 10 spent fuel baskets.
The integrity of the two barriers is monitored by an air sampling sy stem that monitors the
captive air for possible leaks from the exterior or from the baskets. This system is
identical to the concrete canister system currently in operation at Wolsong-1. Figure 4
shows the CANSTOR module's air sampling system.

3.2.9

Safeguards Features
CANSTOR modules are equipped with two independent IAEA-approved safeguards
systems to guarantee the physical integrity of the storage cylinders. The details of the
safeguards system are presently under review by the AECB and the IAEA.

3.3

Comparison Between the CANSTOR Modules and the Concrete Canisters

3.3.1

Fuel Storage Density
The spent fuel storage capacity of one CANSTOR module is 12,000 bundles versus 540
bundles for a concrete canister (for more details on the concrete canister, see reference 1).
One module can thus replace 22 concrete canisters. The use of CANSTOR modules
reduces the surface area required for spent fuel dry storage by more than 50%.
CANSTOR is a very compact alternative for on-site dry storage.

3.3.2

Thermal Performance for CANDU Fuel
The cooling performance of CANSTOR modules is superior to that of concrete canisters.
Instead of being based on conduction, the process relies on (passive) natural convection
to dissipate large amounts of heat from the fuel.
While the maximum temperature of the fuel in a concrete canister is 159°C, for a
CANSTOR module it is only 145°C. The temperature variation across the concrete walls
is only 15°C, whereas it is 47°C for the concrete canisters.

3.3.3

Shielding, Safety and Safeguards
CANSTOR modules retain all shielding, safety and safeguards characteristics of the
concrete canisters. In both cases, the spent fuel is contained by two consecutive physical
barriers. The integrity of these barriers is monitored by identical sampling systems. The

contents of the fuel storage cylinders are safeguarded by a dual seal system in both
designs.
The geometry of CANSTOR modules makes them safer than concrete canisters for the
operating and inspecting personnel: they offer a wide, flat work surface that allows free
circulation, whereas the working surface on top of a concrete canister is relatively small.
The interface between the CANSTOR module and the fuel basket transfer flask is
identical to the concrete canister design. This design is already licensed for use at other
operating facilities, such as Point Lepreau in New Brunswick and Wolsong-1 in Korea,
and offers very low occupational exposure.
3.3.4

Operation
CANSTOR modules require no additional or upgraded site equipment. They are designed
for easy substitution to AECL concrete canisters. The site owner may decide at any time
to build CANSTOR modules alongside concrete canisters.
Fuel handling equipment and procedures are identical to the ones used for concrete
canisters. Two to three spent fuel baskets (120 to 180 fuel bundles) may be processed
from pool storage to dry storage in one day of operation.

4.

THE OVERALL LICENSING PROCESS

4.1

General
The CANSTOR module that would be built for the Gentilly-2 Spent Fuel Dry Storage
Facility will be the first of its kind in Canada or elsewhere (Figure 5 shows an artist's
impression of the future Gentilly-2 storage site.). Consequently, it is subject to a
complete review by the Atomic Energy Control Board (AECB). In terms of the project's
impact on the environment, the AECB works closely with the Federal Environmental
Assessment Review Office (FEARO). The project is also the first nuclear project to be
submitted for review under the Quebec's environmental regulations. In order to avoid
delays in the implementation of the Spent Fuel Dry Storage Facility at Gentilly-2 and to
avoid and/or minimize the overlap between the federal and the provincial jurisdictions,
the efforts of all the entities involved in the review process have to be defined, planned
and coordinated. AECL is assisting Hydro-Quebec with the preparation of all required
documentation for all these processes. Figure 6 illustrates the overall licensing process
schedule.

4.2

Request for an Authorization Certificate
The first step in the whole process was to notify the AECB and the Quebec's Ministry of
Environment (MENVIQ) of Hydro-Quebec's intent to build an interim spent fuel dry
storage facility at Gentilly-2. In Quebec, this is a formal process called "'request for an
authorization certificate" and it has to be done prior to the feasibility study ("rapport

d'avant-projet"). The AECB was advised and kept informed of all the steps of the project
to facilitate their future review. This notification was done in June 1992. It was
accompanied by a general information document ("document de renseignements
ge'ne'raux") presenting the project along with its justification. Given the nature of the
project, it was also necessary to prepare an environmental impact study.
4.3

Role Definition
Right from the beginning, Hydro-Quebec made efforts to bring all parties to the same
table. Hydro-Qudbec considered it important that everybody's role should be well defined
and well understood. Interministerial meetings took place early to inform all parties
simultaneously. These meetings were also very important since most of the MENVIQ
staff had little or no nuclear background.

4.4

Preliminary Safety Analysis Report
WoTk started early to prepare the Preliminary Safety Analysis Report (PSAR) of the
proposed facility. The idea was to submit it as soon as possible to get AECB's approval
of the CANSTOR concept. Such an approval by the recognized authority in the nuclear
field was seen as a positive argument in favour of the project. The PSAR was submitted
to the AECB in November 1992 as part of a formal request for a construction license for
the interim dry storage facility. A number of issues have been discussed and are being
resolved between the AECB, Hydro-Quebec and AECL. The review will be
complemented by AECB's participation in the provincial public hearings.

4.5

MENVIQ Guidelines
In the meantime, the MENVIQ prepared the preliminary guidelines that formed the basis
for the preparation of the feasibility study which also incorporated the impact study. The
preliminary guidelines were discussed between the MENVIQ and Hydro-Qudbec and the
final version of the guidelines issued by the end of March 1993. These guidelines had
to be followed carefully for the feasibility study to be acceptable ("recevable").
The guidelines covered but were not limited to the following items:
1.
2.
3.
4.
5.
6.
7.
8.

justification of the project;
description of the project (including decommissioning and schedule);
site selection;
impact identification and assessment (including socio-economic impacts);
risk identification and assessment (including health risks);
physical security measures and emergency procedure;
mitigating measures;
surveillance and follow-up.

Hydro-Quebec was in fact invited to incorporate as much information as it judged relevant
for the approval of the proposed project. It is important to note that the instigator of the

project had to consider more than one site in his study.
4.6

Risk Assessment
A risk assessment study was also prepared as part of the process. It formed an integral
part of the feasibility study ("rapport d'avant-projet") in the provincial environmental
review process. The report presented the methodology of the risk study, including a
definition of risk, the risk acceptance criteria and the Canadian standards in this matter.
It exposed the Canadian and international experiences with similar spent fuel storage
facilities and demonstrated Hydro-Quebec's specific experience in fuel handling. The
safety of the installations was also presented along with a complete risk evaluation of all
aspects of the operation of the facility covering natural as well as man-made events.

4.7

Documentation review
As part of the study on the social impacts related to the risk perception, there was a
review of the documentation available on the subject of spent fuel management. The
focus was on the Canadian long term disposal concept since a lot of information was
easily accessible and some compilation already done. Public consultation was done
earlier about the long term disposal concept development. Given the similarities between
certain aspects of both projects, this information was very valuable as a first examination
of the public perception regarding the interim dry storage concept. Focus group meetings
took place to gather more specific information and the results of these meetings were
incorporated and analyzed in the social impact study.
Since all documentation will be made accessible to the public, a great deal of effort was
put in the preparation of all reports mainly in terms of the level of language used as well
as in the terminology.

4.8

Communication Program
In parallel to the preparation of all these documents, Hydro-Quebec had to establish a
communication program to inform the public about the Spent Fuel Dry Storage Facility
at Gentilly-2. The program was very extensive. It was initiated by mid-September 1992
with a press conference announcing that information and consultation meetings about the
project would take place in the area around Gentilly-2. There were 12 meetings involving
a total of 30 different groups, from ministries to municipalities, economic associations,
health organizations, an Indian community, and environmental groups. During these
meetings, information on the project was provided such as its justification, the technical
aspects of the interim dry storage concept proposed, the extent of the impact study, the
schedule, etc. This was followed by a discussion. An information brochure especially
prepared for the project, as well as other general brochures about Gentilly-2 and the
nuclear energy, were distributed to the participants. A video presentation especially
prepared for the project was also presented.
There were four (4) press releases to cover:

the approval request submitted to the

MENVIQ, the launch of the communication program, the open house days at Gentilly-2,
and the request to the AECB for a construction license. Advertisements were published
in two local newspapers and sent to approximately 8,000 families in municipalities around
the nuclear station. Advertisements were also broadcast through four (4) local radio
stations and one local community television.
The two open house days at Gentilly-2 were very successful. The public was invited to
watch the video presentation. A more formal presentation was then given by the project
team members. Following the presentation, a visit to the station was organized for the
public with special emphasis on the spent fuel management area and activities. They also
visited the Gentilly-1 Spent Fuel Dry Storage Facility. Special information brochures
prepared for the project were distributed.
During all the communication program activities, Hydro-Que'bec gathered all the public
questions and concerns in order to refine the information to be given to the public in the
future for a better understanding of the project and to prepare for the forthcoming public
hearings.
4.9

Feasibility Study
After internal approval, the feasibility study ("rapport d'avant-projet") including the
impact study was issued to the MENVIQ. Another interministerial meeting took place
to present the report and facilitate its further review by the MENVIQ. The MENVIQ
staff analysed the report for its conformity to the MENVIQ's guidelines and an acceptance
notice ("avis de recevabilite"') was issued to Hydro-Que'bec by the minister of
Environment. It is important to note that other municipal and regional licenses had to be
obtained prior to the acceptance notice from the MENVIQ.

4.10

Public Consultation
Following this step, all the documentation is made available for public consultation for
a period of 45 days in the area around the station and in other strategic locations in the
province. During that period, the public having relevant concerns can request public
hearings. The Quebec's Minister of Environment judges the pertinence of the requests.
After the 45 day period, the "Bureau des audiences publiques en environnement" (BAPE)
is mandated by the minister of Environment to hold the public hearings, prepare a report
and present recommendations. This is a 4 month mandate. Three commissioners are
nominated to execute the mandate. Given the federal involvement in the project review
due to its nuclear nature, one of the commissioners will be a FEARO staff member.
AECB representatives will also be present during the public hearing sessions.

4.11

Public Hearings
The public hearings are held in two steps. During the first, lasting three to four days,
Hydro-Que'bec will make a formal presentation of the project. Questions from the public
and the commissioners will follow. Answers will be provided by Hydro-Que'bec. The

second step will take place about a month later and will last for another three or four
days. During that second step, anybody is invited to present a memoir to the BAPE. The
commissioners will then analyse the information, write its report and submit it to the
minister of Environment. It is then up to the minister to issue the authorization certificate
and the construction decree. Both the construction decree and the construction license
issued by the AECB will form the first important step towards the implementation of a
Spent Fuel Dry Storage Facility at Gentilly-2. The Final Safety Analysis Report (FSAR)
will then be prepared and issued to the AECB as part of the formal request for the
operating license of the facility.
5.

CONCLUSION
The overall licensing process was well initiated due to the concerted efforts of all the
parties involved in the environmental review process of the Spent Fuel Dry Storage
Facility at Gentilly-2. The efforts deployed to minimize the potential federal and
provincial jurisdictions overlap were successful and the preparation for the public hearings
is well underway and is promising a great success!
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Abstract
This paper deals with the thermal performance of die MACSTOR1 spent fuel dry storage
system. The thennal performance of this air cooled storage structure is one of the key
factors for its design and licensing. The results of some experiments aimed at
demonstrating the thermal performance of a full-scale mock-up of the MACSTOR module
are presented. The experimental results of MACSTOR tests reinforce AECL's confidence
in its design. Calculations using a PRESCON2 model of the MACSTOR mock-up were
compared to the experimental values and shown to be conservative for the prediction of
maximum concrete temperature and concrete temperature gradient, two key elements for
the licensing of spent fuel dry storage systems. Therefore, this exercise demonstrates that
the thermal performance of dry air cooled structures can be modeled by a relatively simple
analytical tool. It is planned to use these validated analytical capabilities to assess the
thennal performance of the CANSTOR2 module.
1.

Introduction

Spent nuclear fuel coming out of the reactor of a Nuclear Power Plant must be cooled to
dissipate its residual heat. Immediately after coming out of the reactor core, the spent fuel
is sent to a pool where it is cooled. The pool is continuously cooled by an active
recirculation circuit evacuating the heat generated by the fuel. As die pool fills up, older
fuel (about 6 years old or more) having lost a significant fraction of its residual heat can be
removed from die pool and placed in a more economical storage system such as a spent
fuel dry storage system (Reference 1). A dry storage system consists of a concrete
structure housing sealed containers in which die fuel is placed. In dry storage systems, die
fuel residual heat is removed by conduction, dirough die walls of die concrete structure,
and by convection to die ambient air at die external surface of die structure. An example
of such an arrangement is the stand-alone canister shown in Figure 1. All die heat
generated by die fuel is dissipated through die concrete structure to die ambient air. In
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other systems, heat is mostly evacuated by a natural circulation air cooling circuit
penetrating the structure instead of by conduction through the thick structure. Examples
of such a system are AECL's MACSTOR and CANSTOR modules shown in Figure 1.
The MACSTOR and CANSTOR modules are similar except that the MACSTOR module
is designed to store light water reactor fuel assemblies whereas the CANSTOR module is
intended to store CANDU spent fuel that generates less residual heat than light water
reactor fuel (Reference 2).
Dissipation of the residual heat generated by the spent fuel is a major factor in dry spent
fuel storage design and one of the key elements for its licensing. Heat dissipation is
important to maintain the integrity of the fuel and of the concrete. For this purpose,
thermal performance requirements must be met The requirements applicable to dry spent
fuel storage systems are presented in Section 2 for information. In order to evaluate the
performance of the MACSTOR and CANSTOR designs with respect to these
requirements, AECL undertook testing of a full-scale mock-up of the MACSTOR module.
A brief review of the setup used for these tests carried at AECL's Whiteshell laboratories
is presented in Section 3. In Section 4, the results obtained from some of these tests are
discussed to illustrate the behaviour with respect to some design parameters, rather than
to identify under what conditions the design meets the thermal requirements. Having
illustrated its behavior and shown that the behavior of the module lends to simple
modeling, such a model is presented. Section 5 describes a PRESCON2 model of the test
facility and compares the results obtained from this model to the experimental values to
demonstrate that such a model is conservative for the evaluation of concrete temperatures.
9

Requirements for Dry Storage of Spent Fuel

Certain precautions must be taken to ensure the integrity of the fuel and of its storage.
There are three main requirements related to the thermal aspect:
•

The fuel must be kept below the temperature range of 160°C to 175°C to prevent
further damages to already failed elements (intact elements are not affected at these
low temperatures).

•

Nuclear industry standards on concrete require that the bulk concrete temperature
remains below 65°C (150°F) and that local warmer regions remain below 93°C
(200°F) under normal operating conditions. This conservative criterion ensures the
integrity of the concrete.

•

The design should cope with the thermal stresses resulting from the temperature
gradients in the structure. Given the operating conditions for this kind of structure,
thermal stresses can be much greater than the structure's own dead load, wind load,
tornado load, and seismic load. Further, standards require that a safety factor of 1.7
for normal operating conditions be factored in the thermal stresses' calculations. This
translates into a requirement that the actual temperature gradients should be limited to
maintain an adequate safety margin.

This paper deals only with the last two of the above requirements. These requirements
must be met under normal operating conditions. Less stringent requirements must be met
under less frequent abnormal operating conditions. Normal operating conditions means
continuous operation under maximum expected ambient temperature without impairment
of the normal cooling mode. Abnormal operating conditions means a transient operation
with impairment of the natural circulation cooling such as partial blockage of inlet and
outlet ports or blockage of all ports on one side of the module.
Experiments were carried to investigate the thermal performance of the original
MACSTOR design with respect to these requirements. However, the objective in this
paper is to show that the behavior of the MACSTOR is simple enough to be modeled by
the one-dimensional PRESCON2 thermal-hydraulic code (Reference 3). These
experiments and the results are discussed in the next sections.
3.

Description of MACSTOR Experiments

A full-scale mock-up of the MACSTOR module was assembled at Whiteshell Laboratories
and a series of tests were performed to evaluate its behavior when subject to a specified
heat load. The tests were performed indoor under constant temperature conditions.
The test module represented a full-scale mock-up of a group of four canisters in an endsection of the originally proposed MACSTOR facility (see Figure 2). In this module, this
group is repeated to form structures of variable capacity in increment of four. Since then,
several improvements were made to the original MACSTOR design but these are not
credited in the present evaluation. In the original MACSTOR design, partitions were used
between groups of four canisters and the end-section had provision for ventilation on the
three external walls. Figure 2 shows a plan and elevation view of the test module with an
existing concrete wall simulating the partitioning wall of the MACSTOR module. During
the test sequence, it became apparent that ventilation from two opposing sides would
provide adequate cooling for the module. Consequently, the ventilation ducts on the endwall were removed and the duct penetration covered with metal sheet and insulated. The
external walls of the test module were constructed of 102 mm (4") thick concrete slabs.
The roof and walls were insulated appropriately to simulate the concrete thickness
anticipated for shielding of fuel in the proposed facility. Ventilation ducts were
constructed of sheet metal with a labyrinth type design that would be required to provide
shielding in a facility that contained irradiated fuel. Screening over the ducts was provided
to ensure accurate simulation of an actual facility. Heaters were placed in four steel pipes
that simulated the fuel canisters. Instrumentation consisted of power meters, velocity
probes in the inlet ports and thermocouples located at various positions on the canisters, in
the air, on the roof inner and outer surface, on the internal wall inner surface, on the
external walls outer surface, and in the inlet and outlet ducts.

4,
Whiteshell Laboratories performed a total of 11 experiments. The experiments covered
steady-state and transient operation, normal and abnormal operating conditions, and
power levels from 9 to 36 kW for four canisters. Four steady-state experiments testing
normal operating conditions were chosen for validation of the PRESCON2 model. Hie
first row of Table 1 shows the conditions for these tests. Tests labeled S1D-9, S ID-18
and S1D-27 were performed at power levels of 9,18 and 27 kW respectively. The 9 and
18 kW power levels bracket the range of CANSTOR power level when filled with 6 years
old CANDU 6 fueL In these experiments, the area of all inlet and outlet ports was
reduced to 2/3 of the available area to simulate smaller appertures that could be used at
lower power level. Test S1C-36 was a 36 kW test with full inlet and outlet ports area.
Test T1C-36 (not shown in Table 1) was also conducted at 36 kW power but with inlets
and outlets of one side completely blocked, The 36 kW power level is representative of
MACSTOR operating conditions when filled with typical spent light water reactor fueL
Figures 3 to 6 show selected experimental results of the above tests which were conducted
at an ambient temperature between 22 and 24°C depending on the test (see Table 1).
Figures 3 and 4 respectively show the variation of outlet air temperature and mass flow
with power. The trend seen for tests S1D-9, -18 and -27 shows that outlet temperature
and mass flow increase with increasing power. Results of test SlC-36, with 100 percent of
the inlets' and outlets' area, show lower outlet temperature and higher mass flow compared
to the extrapolated trend (dotted line in Figures 3 and 4) from the S ID tests that had only
66 percent (2/3) of the inlets' and outlets' area. On the contrary, test T1C-36 that had all
inlets and outlets blocked on one side resulted in lower mass flow when compared to the
trend set in the SID tests. However, the air outlet temperature for test T1C-36 is not as
high as one would expect Except for this particular result, one can see that the trend set
by SID tests with 66 percent (2/3) of the original flow area falls between the 36 kW
points obtained with 50 percent (T1C-36) and 100 percent (S1C-36) of the flow area.
Overall, the outlet air temperature and mass flow behave as expected for a chimney, i.e.
they both increase with power following a "power11" curve, where n is a fractional
exponent equal to 0.3 for the mass flow and 0.7 for the temperature. These values are
close from the 2/3 and 1/3 values that are obtained by considering simple momentum and
energy balances. In the momentum balance, the gravity head is equal to the square of the
mass flow and is proportional to the temperature rise. In turn, the temperature rise is
equal to the ratio of added heat to mass flow. It follows that the mass flow varies as the
cubic root (n=l/3) of the added heat and, by conservation of energy, the temperature rise
varies to power n=2/3 of added heaL
Figure 5 shows the air temperature measured at each of three elevations inside the module.
At each elevation, the air temperature was measured at three locations. In test S1D-9, the
measurements taken in diagonally opposed corners and in the middle of the four canisters
are less than 2°C apart at a given elevation. Other tests exhibit similar behavior, even test
T1C-36 with all inlets and outlets blocked on one side (temperature difference less than
5°C). The relatively homogeneous temperature on a given horizontal plane suggests

turbulent flow and good mixing inside the module. A check of the Reynolds number in
the inlet ports and in the heated section confirms the turbulent nature of the flow. l a the
inlet ports, the Reynolds number is found to be of the order of 10*; thus the flow is clearly
turbulent when it enters the module. In the heated section of the module, the Reynolds
number is of the order of 3-6xl(P; thus in the transition regime between laminar and
turbulent flow. In addition to homogeneous temperature at a given elevation,. Figure 5
shows that the internal air temperature increases linearly with elevation, as expected due
to the uniform heating of the canister. These two elements suggest that variation of air
temperature in the module can be calculated by a simple one-dimensional model.
Comparing Figures 3 and 5 shows that the outlet air temperature for test S1D-9 is Tower
than the internal air temperature at the top of the module by about 4°C Other tests
revealed similar result Infrared radiation from the canisters could have affected the
unshielded thermocouples. It is a good practice to check temperatures with both shielded
and unshielded sensing elements to establish the necessity for shielding in case of doubt as
to whether the sensing element should be shielded (ASHRAE 41.1*74 standard).
However, this has not been done during the MACSTOR tests. Two other possibilities for
the lower temperatures measured at the outlet are heat losses in the outlet duct and a
stagnant zone of wanner air underneath the roof of the module. These possibilities will be
examined in further studies.
Figure 6 shows the canister external surface temperature change with elevation. As for
internal air temperature measurements, several measurements were taken at each
elevation. The surface temperature of the cylinders generally varies by less than 10°C at
any given elevation. This is consistent with air temperature that is relatively uniform at
any given elevation. As expected, the cylinder external temperature increases with
elevation.
The amount of heat dissipated by natural convection is easily calculated from mass flow
and inlet and outlet air temperatures measured in each test The amount of heat dissipated
by conduction is simply the difference between the input power and the heat removed by
convection. The experiments showed that about 90 percent of the heat input of tests
S1D-9 to -27 is removed by convection even when the area of the Met and outlet ports is
reduced to 2/3 of its original size. The remaining 10 percent is dissipated by conduction
through the walls and roof. The blockage of all inlets and outlets on one side (test T1C36) reduces the fraction of the heat dissipated by convection from 90 to about 70 percent,
Surprisingly, removal of blockage at the inlets and outlets (test S1C-36) also resulted in a
decrease of the fraction of the heat dissipated by convection, from 90 to about 80 percent
The reasons for this unexpected behavior will be examined in the future.
5.

Simulation of MACSTOR Tests

A simple PRESCON2 model of the MACSTOR test facility was built PRESCON2 is a
one-dimensional code used to simulate thermal hydraulic behavior of air and steam
mixture (Reference 3). PRESCON2 is normally used for containment calculations but can

be applied to any other air and steam thermal hydraulic calculations. PRESC0N2 is a
node-link code where the nodes represent control-volumes and the links represent the flow
paths between the nodes.
Figure 7 illustrates the PRESCON2 representation of the MACSTOR test module. The
PRESCON2 model consists of a total of 6 nodes, one for the outside atmosphere and five
at various elevations for the air space inside the module. Constant heat rate is applied to
each node in proportion of their volume so that the total heat added corresponds to that of
the experiments. The outside atmosphere is modeled as a very large volume so that its
temperature and pressure would not change despite the heat convected from the module.
Six links model the four inlets ports and the two outlet ports. Their loss coefficients are
established using standard correlations with appropriate corrections for Reynolds number
and entry length. The model accounts for friction along the heated length even though
friction is small compared to inlet and outlet losses. Conduction through the concrete and
insulation layers of walls and roof is also modeled. As illustrated in Figure 7, the roof and
wall models consist of two layers subdivided into 9 slices each. In the case of the walls,
the internal layer represents 102 mm (4") of concrete and the external layer represents the
12.7 mm (1/2") of fiberglass insulation. Two layers of 12.7 mm (1/2") total thickness
represent the insulated roof. Good contact between the layers is assumed by setting the
heat transfer coefficient between them to 1000 W/tn^-K. The concrete and fiberglass
insulation properties taken in the PRESCON2 analysis are given in the following table.
Material

Density
p(kg/m3)

Concrete

3250.0

Fiberglass insulation

32.0

Thermal Conductivity
k(W/m-K)

Specific Heat
Cp(J/kg-K)

2.25

835.0

0.0375

880.0

Heat is transferred from the heated air inside the module to the walls and roof and from
the walls and roof to the ambient air via film heat transfer. Constant film heat transfer
coefficients of 60 and 10 W/m^-K are respectively taken for the internal and external
surfaces. These values are typical of forced (inside) and natural (outside) convection heat
transfer rates. Because of the thickness and high thermal resistance of the concrete and
fiberglass insulation, the outside film resistance represents less than 25 percent of the total
resistance and the inside film resistance represents less than 5 percent Therefore, heat
losses through the walls and roof are mainly governed by material properties instead of by
film heat transfer.
For the PRESCON2 simulations, the inlet and outlet loss coefficients were reduced by less
than 15 percent of their initially calculated values to better reproduce the measured flow
rate. This "tuning" of the model was judged acceptable given the geometrical complexity
of the inlet and outlet ports, the typical uncertainty of the correlations for loss coefficients,
and the uncertainties in experimental flow measurements.

Table 1 shows the air outlet temperature, the flow rate and the concrete temperature
obtained from the PRESCON2 calculations, and compares these values with their
experimental counterpart. Table 1 also compares the fraction of heat dissipated by
convection and conduction, as derived from the experimental data and the PRESCON2
calculations.
The air inlet temperature in the "Calculated" column is equal to the measured value
because this temperature was specified for the large node simulating the outside
atmosphere, used as a boundary condition in the PRESCON2 model The measured and
calculated mass flows are almost identical because the inlet and outlet loss coefficients
were adjusted to achieve this result
The relative fraction of heat dissipated by convection and by conduction is a measure of
the performance of the system. It is desirable to dissipate as much heat as possible by
convection to minimize the concrete absolute temperature and the temperature gradient
within the concrete. The air outlet temperature (or temperature rise) and the mass flow
rate determine the heat dissipated by convection. But the mass flow is well reproduced by
the calculation. Therefore, air temperature rise alone reflects how heat is dissipated via
conduction and convection. Except for experiment SIC-36, we find that the calculated
temperature rise is consistently lower by up to 10 percent when compared to the measured
value. As a consequence, the calculated fraction of heat dissipated by convection is also
lower than the experimental one by up to 10 percent. This means that the wall model of
the PRESCON2 analysis underestimates heat losses by conduction. One possible reason
for this difference could be the thermal conductivity of fiberglass used to simulate a thick
layer of concrete that could be 10 percent higher than the 0.0375 W/m-K value assumed in
the analysis.
The maximum concrete temperature is a licensing issue. In the MACSTOR tests, the
highest temperature is on the internal surface of the roof because the air temperature is the
highest near the top and the thermal resistance of the MACSTOR mock-up roof was
higher than that of the walls. For cases S1D-9 to SID-27, the maximum concrete
temperature measured on the internal surface of the roof are higher than the calculated
values by up to 1.8°C. This highest roof temperature was always measured by the sensor
located in the center of the roof. Two other thermocouples located near two opposed
corners of the roof always indicated slightly lower values. Therefore, the bulk
temperature would be better represented by the average of these three measurements.
When comparing the calculated temperature with the average roof internal temperature,
the calculated temperature is higher by up to 1.6°C Comparing PRESCON2 calculated
internal surface temperature with the average of the experimental values is also more
appropriate than comparing with a local maximum value because the PRESCON2 model
treats the roof as a whole. A more sophisticated model, with three dimensional thermal
hydraulic and conduction capabilities, would be required to predict temperature
distribution on the internal face of the roof. Nevertheless, this comparison shows that the
PRESCON2 model is conservative for predicting bulk maximum concrete temperature of
the MACSTOR module.

Temperature gradient, measured by the difference between walls and roof internal and
external temperatures, is an indirect licensing issue. In the MACSTOR tests, only the roof
had thermocouples on its internal and external surfaces. The last rows of Table 1 compare
measured and calculated external surface temperatures. The calculated values are
consistently lower than the measured values, by up to 4 or 7°C when comparing to the
average or maximum experimental value. Because the PRESCON2 model of the
MACSTOR module over predicts the internal surface temperature but under predicts the
external value, the PRESCON2 model is also conservative for the prediction of the
temperature gradient across the roof. Finally, the last row of Table 1 compares the walls
external temperatures and shows that they are underestimated by the PRESCON2 model.
Given that the average roof internal surface temperature is over predicted and assuming
that the internal wall temperature would also have been overestimated had it been
measured, we expect that the calculated temperature gradient (not shown) across the walls
would be higher than during the experiment Therefore, this comparison shows that the
PRESCON2 model is conservative for predicting temperature gradient across the roof and
walls of the MACSTOR module.
After doing the PRESCON2 simulations, it was decided to test a simpler steady-state
model of MACSTOR. This model was used to generate the trend curves on Figures 1
and 2 and, except for being limited to steady-state analysis, it proved to be equivalent to
the PRESCON2 model. It involves solving the steady-state momentum and energy
balances governing the air circuit These equations are (see list of symbols and Figure 7):

+

w2
P«f
0

(2)

In the momentum balance, the terms on the left represent the buoyancy driving force and
the term on the right represent losses. In the energy balance, the three terms represent
heat added by the fuel, heat removed by convection and heat removed by conduction.
Assuming a linear variation of air temperature with elevation inside the module, the
average density in the momentum balance is found by integration; the outlet air density is
simply given by the equation of state. These are:

P

and p ^ - ™ —

(3)

The steady-state rate of heat conduction through the walls and roof can be approximated
by the following equations where it is assumed that the air just under the roof is at the
temperature of the outlet air, and that the average internal air temperature for wall
conduction heat transfer is equal to the average between inlet (ambient) and outlet air
temperature:

(4)
In the above equation, the wall and roof conductances are:
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Equations (1) to (6) form a set of non-linear equations that can be solved for the outlet
temperature and the mass flow. This simpler model was found useful for quickly
evaluating the sensitivity of temperatures and flow to design parameters such as power,
elevation, blockage of inlets and outlets etc. As shown in Figures 1 and 2, this simple
model adequately reproduced the results tests S1D-9 to S1D-27. Average roof internal
and external temperatures can even be derived. The results of this model are not
presented because they are for all practical purposes equivalent to those of the
PRESCON2 model. Therefore, a simpler alternative to PRESCON2 modelling has been
identified for steady-state analysis.

Conclusion
The results of experiments aimed at demonstrating the thermal performance of a mock-up
of the MACSTOR module were presented. The experimental results of MACSTOR tests
reinforce AECL's confidence in its design. Calculations using a PRESCON2 model of the
MACSTOR full-scale mock-up were compared to the experimental values and shown to
be conservative for the prediction of maximum bulk concrete temperature and concrete
temperature gradient, two key elements for the licensing of dry fuel storage systems. An
alternate simple mathematical model was also developped and, except for being limited to
steady-state analysis, was found equivalent to PRESCON2 model. It is planned to use
these validated analytical capabilities to confirm the thermal performance of the
CANSTOR module.
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Symbols
P
A
g
h
H
k
K
L

P
Q
Rair

T
UA
W

Density
Surface area or cross-section area
Gravitational acceleration
Film heat transfer coefficient
Height
Thermal conductivity
Pressure loss coefficient
Thickness of material
Pressure
Heat rate
Air gas constant
Temperature
Conductance
Mass flow

Particular subscripts:

ext
heated

in
int
out

External surfaces
Heated section
Inlet section
Internal surfaces
Outlet section

Table 1
Comparison of PRESCON2 Calculations Against MACSTOR Test Results
Experiment
36 kW
no blockage
Mcaund

Variable
T air inlet average ( ° Q

Ctkobiad

27 kW
2/3 inlets and
outlets free
Masund

24.03

Cakuitscd

SUHS

SJJB=2

18 kW
2/3 inlets and
outlets free

9kW
2/3 inlets and
outlets free

Meazsnd

CaksOsed

Messed

22.12

23.35

CaksJacd

22.00

T air outlet-inlet ( ° Q

36.33

39.40

41.03

38.65

31.35

28.50

19.25

17.29

Mass flow (kg/s)

0.80

0.81

0.60

0.60

0.53

0.54

0.42

0.43

Energy dissipated by
convection (%)
Energy dissipated by
conduction (%)
Tsurface (°Q
maximum roof internal
average roof internal*

81%

88%

90%

85%

91%

84%

89%

80%

19%

12%

10%

15%

9%

16%

11%

20%

66.2
61.9

62.0

62.4
59.0

60.6

51.1
48.7

49.6

38.8
37.4

38.7

maximum roof external
average roof external*

40.0
36.9

32.8

38.1
35.4

31.9

33.4
31.7

28.4

28.9
28.0

25.8

m

maximum walls external

35.8

32.5

38.9

31.7

31.2

28.3

26.8

25.7

* Note:

it

•

m

The average roof temperature is the arithmetic average of three
measurements, not the average between the lowest and highest values.

m

N

Rgure 1
Comparison of a Canister with CANSTOR Module

Pi
m
m

m
m

m
ma
m
liliililiii
mmmmmmmm

MCA SEALS

CANSTOS MODUU IN KLKVATIOK

Figure 2
Plan and Elevation Views of the MACSTOR Test Module
TEMPERATURE
MEASURING POINTS

NORTH

AS?
MTLET

INTLET

AIR
OUTLET

AIR
OUTLET

Affl
MTLET

AR
INTLET

BLOCKED AIR
INLETS AND
OUTLETS

RAGE
CYLINDER

PLAN VIEW OF TEST APPARATUS

HEATERS

AIR
OUTLET

AIR
OUTLET

AIR
INLET
SUPPORT

Thesmocouptes
B1.B2.BS
•(town only

ELEVATION VIEW
OF TEST APPARATUS

Rgure 3
Variation of Air Outlet Temperature with Power in MACSTOR Tests
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Figure 4
Variation of Air Mass Flow with Power in MACSTOR Tests
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Figure 5
Variation of Internal Air Temperature with Eievation in MACSTOR
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Figure 6
Variation of Canister Surface Temperature with Elevation in MACSTOR
Tests
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Figure 7
PRESC0N2 Model of MACSTOR Mock-up
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ABSTRACT
The storage of spent nuclear fuel at Ontario Hydro CANDU nuclear generating stations in
Canada has traditionally been accomplished by pool storage, where the fuel is loaded into
baskets or modules and stacked in an irradiated fuel bay. As pool storage space is reduced, the
incorporation of additional storage space has led to an examination of alternate fuel storage
concepts, in comparing above-ground dry storage concepts to the construction of additional
storage bays.
Ontario Hydro has developed the Dry Storage Container (DSC) as the solution to future spent
fuel storage at the Pickering Nuclear Generating Station and is currently constructing an onsite
facility to process and provide temporary storage of the DSC's. The intention in developing
transportation packaging for the DSC has been to obtain a "Type B(U)" license for off-site
transportation. If accomplished, it would be possible to directly transport the DSC's to an offsite storage/disposal facility without having to transfer the irradiated fuel to an intermediate
shipping container.

1.0 ONTARIO HYDRO'S DRY STORAGE CONTAINER (DSC)
The DSC has been designed primarily for interim storage of used fuel at the station site for a
50 year period. Up to 70 DSC's per year will be used at the Pickering NGS site, starting in
October 1994.
The capacity of each container is four standard fuel modules (384 Pickering bundles), and the
total mass, when loaded, is approximately 65 tonnes (see Figure 1.0). Modules of six-year
cooled fuel (minimum) are loaded into the container while it is submerged in the fuel bay. The
lid is engaged underwater and the container is hoisted out of the bay and placed in a preparation
area where it is drained and vacuum dried. The container is then transported to the onsite
storage facility using a specially designed transfer clamp to connect the lid to the body of the
container.
Once in the storage facility, the container is routed to the welding shop, where the lid is welded
to the container body. This primary containment weld is radiographed, and a helium leak
integrity check is performed on the entire containment boundary, prior to transferring the
container to the storage area. The containers are then stored until offsite transportation is
deemed necessary.
Design aspects of the DSC, including material selection, lid/body flange detail, closure weld
size, and concrete reinforcement, are substantially more robust than would be required if the
container was only to be used for onsite storage of irradiated fuel.
2.0 DSC DESIGN CONSIDERATIONS FOR STORAGE AND TRANSPORTATION
A number of factors were considered in the materials selected to meet the storage needs, those
impacting the most on transportation are cost and long term material performance.
Due to the large number of DSC's required for interim storage, material costs are a major factor
in selection. This has led to the selection of a rectangular section container made of a double
carbon steel shell filled with reinforced high density concrete. The thickness of each carbon steel
shell is 12.7 mm (1/2"). The inner liner is the primary containment boundary. The function of
the outer shell is as a form for concrete pouring and to facilitate decontamination. The high
density concrete provides radiation shielding. The container closure comprises a welded lid, also
made of a carbon steel shell encasing reinforced high density concrete. All closures are welded,
including lid, vent and drain ports, therefore there are no elastomeric seals to deteriorate. Each
DSC is vacuum dried and backfilled with helium, prior to being placed into storage, to ensure
fuel and inner liner integrity.

The following parameters describe the conditions that the DSC materials will be subjected to
over the 50 year storage period:
Internal Atmosphere
- DSC inner cavity vacuum dried and helium filled
Radiation
- Gamma field over 50 years at inner liner is approximately 4 xlO9 rad
- Integrated neutron flux at inner liner is approximately 10" n.cm'2
(over 50 years)
Temperatures
- Maximum temperature at external surface is approximately 48 °C
- Maximum temperature at inner surface is approximately 75 °C
The long term performance of carbon steel and high density concrete has been assessed for these
conditions. The following factors have been considered in the design of the DSC for the two
major materials:
Steel
-

Radiation effects
Microstructure
Carbon to Stainless interface
Stress corrosion cracking, hydrogen embrittlement and blistering
Corrosion of re-bar, inner and outer liners
Weld integrity

Concrete
-

Effect of temperature on material properties
Thermal stress
Effect of radiation on material properties
Chemical reactivity
Water degradation

Following interim storage at the station site, the DSC, with Outer Packaging described below,
will be transported to disposal. The following additional factors were considered in the selection
of DSC materials to meet the transportation needs:

Fire Resistance
A combination of thermal analysis, thermal stress analysis, scale model fire testing and full scale
testing has been undertaken to ensure that the DSC can withstand the fire accident conditions
without loss of shielding. The addition of the Outer Packaging insulates the DSC from the fire
and reduces the temperature gradient across the DSC wall for an additional margin of safety.
The outer shell of the DSC is vented to prevent a potential pressure build up resulting from
boiling of free water contained in the concrete.
Low Temperature Fracture Toughness
A combination of material selection, reduction of stress levels though impact limiter design and
reduction of flaw size through weld procedure and inspection has been used to assure low
temperature performance of the DSC Transport Package down to -40°C.
2.1 Quality Assurance
The quality assurance procedures used in the documentation, fabrication and inspection for the
manufacture of DSC's and the outer packaging conform to CSA CAN3-Z299.2-85. Testing and
examination of the DSC's complies with the requirements of CSA Standard CAN3-N287.5-M81,
"Testing and Examination Requirements for Concrete Containment Structures for CANDU
Nuclear Power Plants". Seal welding of the DSC complies with ASME Section III, NC4000,
and is inspected to the requirements of NC5000. Each DSC is helium leak tested to ensure
leakage of less than lO^cc.sec 1 .
3.0 DSC TRANSPORT
In order to license the DSC for off-site transportation, Ontario Hydro developed a specially
engineered outer packaging to protect the container in the event of impact and fire accident
scenarios. The exact nature of these accidents, and the degree to which the DSC must be
protected is detailed in the "Transport Packaging of Radioactive Materials Regulations"
administered by the Atomic Energy Control Board [1]. Design of the transportation package
began in earnest in 1988 with small scale testing and prototype development [2]. Outer
packaging designs were tested using detailed 1/4-scale and 1/2-scale engineering models.
Results from these tests were compared with computer model predictions made prior to testing.
The design of the outer packaging is illustrated in Figure 2, comprising a top impact limiter and
a bottom impact limiter which completely encapsulates the container, providing both thermal and
impact protection. The capability of the impact limiters to withstand the accident conditions of
transport was successfully demonstrated during 1/2-scale licensing tests conducted at Ontario
Hydro's Wesleyville Drop Test Facility in September 1993.

The intent is to provide unrestricted transportation of DSC's. The total weight of the DSC
Transport Package is approximately 95 tonnes. Due to its weight, and corresponding size, the
modes of transport for the package are restricted to rail and water. Road transportation could
be used with special oversize and overweight permits. As a result, the outer packaging was
designed to fit within a dimensional envelope in compliance with unrestricted rail transport.
Transportation by barge is an alternate option, but is less dimensionally restrictive.
Because the highest normal operating forces during transportation result from rail transportation,
package tie-downs also had to be designed to suit this transport mode. For the tie-down design,
the DSC is assumed to be subjected to the following maximum accelerations, acting
simultaneously: vertical ± 4g, lateral ± 2g, longitudinal ± 7g.
4.0 DESIGN OF THE TRANSPORT OUTER PACKAGING
The bottom and top impact limiters, which comprise the outer packaging, consist of stainless
steel shells encasing high density rigid polyurethane foam. The steel outer shell is fabricated
using 6.35 mm (1/4") 304L stainless steel plates. The outer dimensions of the impact limiters
were 3.67 m X 3.37 m, with the top impact limiter weighing 15.8 tonnes and the bottom impact
limiter weighing 14.3 tonnes. The steel inner shell, or armouring, is made of 304L plates of
varying thickness, with a double-walled arrangement surrounding the lid, welded lid flange and
side of the DSC. The choice of stainless steel for the inner and outer shells was made to satisfy
requirements for durability, low temperature performance (-40°C), and ductility (maximum
allowable strain).
The primary challenge in designing the outer packaging was to limit the overall impact forces
experienced by the DSC in the 9m drop, and to protect the container from puncture damage (loss
of shielding) in the 1 m drop test, in which the container is dropped from a height of 1 m above
a 152.4 mm (6") diameter carbon steel post (punch). Designing the outer packaging to withstand
both impact tests, where the design requirements sometimes conflicted, involved several
compromises which relied on optimized weight and size (rail envelope) efficiency and a highly
analyzed protective structure. To minimize the forces from the 9m drop, the overall DSC
package weight had to be as low as possible. As well, a highly effective impact absorption
system had to be chosen, with the ability to withstand large distortions, while still providing
protection for subsequent punch tests. The localized impact forces experienced by the DSC in
the 1 m drop were extremely intense, and could not be attenuated to any significant degree by
the polyurethane foam.
To prevent the punch from penetrating the outer shell of the DSC, the inner shell of the impact
limiter was reinforced with multiple thick steel plates (44.5 mm (1 3/4") total thickness on the
top and bottom of the container). The internal geometry of the limiters was complicated by the
fact that the armouring in many places had to conform to the DSC's external shape. Because the
punch test was applicable for any orientation, the armouring had to remain intact, with no
appreciable gaps, following the 9 m impact. Obviously, the chief concern was the protection
of the welded lid flange, which is the only area where the containment boundary is exposed.

On the sides of the container, a double-walled geometry was opted for, consisting of a 12.7 mm
(1/2") plate and 19.1 mm (3/4") plate spaced by approximately 100 mm. This arrangement was
more weight efficient, and was sufficiently flexible to effectively absorb the localized impact of
the punch. Standard square tubing was used to provide rigidity for lifting and handling of the
overall package.
General aspects of the mechanical design, including tolerancing, joint design, and fabricability
were discussed with Pickering Construction, and other local fabricators to ensure that the outer
packaging design could be cost-effectively built. Heavy section bending requirements, and
shaping of the top/bottom impact limiter joint received particular attention in this regard.
Lessons learned in fabrication of numerous scale models were incorporated into the final design.
Attachment of the top and bottom impact limiters was achieved by using six
32 mm (1 1/4") stainless steel wire ropes, an arrangement proven through numerous scale model
tests. These attachments, comprised of standard stainless steel fittings can be manually adjusted
for length, are easily detached for maintenance, and can be readily handled by crane riggers.
The wire rope concept is ideal for this application because there is no pretensioning requirement,
and the ropes deflect under compressive impact loads but have high tensile strength capacities
to withstand the large rebound loads that occur in the 9 m impact test. Sufficient attachments
exist to withstand the loss of one wire rope, due to punch damage.
5.0 SELECTION OF IMPACT LIMITER MATERIAL
Rigid polyurethane foam was selected as the impact absorbing media over other alternative
materials, namely redwood, balsa wood, and aluminum honeycomb, each of which have been
employed/proposed for other transportation containers. Desired characteristics in an impact
limiter material are predictable crush strength, predictable load versus displacement response,
anisotropy, temperature stability, heat/flame resistance, and overall structural stability with time.
In the case of the DSC, the use of polyurethane foam allowed lower g-levels to be obtained
given the dimensional restrictions of the overall package. As well, Ontario Hydro had
developed, in concert with an Ontario-based manufacturer, a special polyurethane foam for use
in its radioactive transportation containers (i.e., tritiated heavy water shipping container). Crush
strengths and loading response had been well documented, and this information was improved
upon during the course of the DSC design [3].
To optimize impact attenuation for various drop orientations, the impact limiters each
incorporate two different densities of foam: 15 lb/ft3 and 19 lb/ft3 for top and the side cavities
respectively. To facilitate fabrication and inspectability, the foam is manufactured in large
blocks and fitted into the stainless steel body of each impact limiter. Each block is made by
pouring many layers, to minimize the formation of voids associated with thermal buildup in the
foam. In developing the specifications for the DSC impact limiters, testing methodologies were
developed to require the manufacturer to demonstrate density compliance. For representative
samples fabricated during scale model testing, radiography was used to check for void
formation, and gaps between layers.

6.0 HANDLING AND USE OF OUTER PACKAGING
Prior to transport, the DSC is loaded into the outer packaging as follows; the bottom impact
limiter (lower half of the outer packaging) is positioned on a special purpose rotation frame.
The DSC is lifted using a dedicated lifting beam, and lowered into the bottom impact limiter.
The top impact limiter is then lowered onto the DSC and the bottom impact limiter. The wire
rope impact limiter attachments are engaged to join the top and bottom impact limiters together,
and the DSC is rotated to a horizontal position with the rotation frame. The design of the outer
packaging had to allow for reasonably large tolerances to facilitate this large-scale handling
manoeuvre.
The lifting mounts for the transport package have been incorporated into the one side of the top
and bottom impact limiters only. This side will always be identified as the top surface of the
package when in the horizontal orientation. Within the outer packaging on the side opposite the
lifting mounts are bearing pads, designed to distribute the DSC mass between the top and bottom
impact limiters. The lifting mounts are welded into a box channel structure with locally
reinforces the lifting attachment area. Heavy duty hoist rings are attached to these lifting mounts
and the DSC Transport Package is lifted from the rotation frame and transferred to the transport
vehicle (railcar or barge).
7.0 LICENSING ANALYSES AND TESTS
7.1 Thermal Analysis
Due to the difficulties of thermal scaling associated with an actual fire test, DSC performance
under the normal and accident conditions of transport has been assessed through full scale
analysis [4].
Normal Conditions of Transport
Preliminary one-dimensional (1-D), steady state, calculations were used to identify the section
of the DSC Transport Package with the highest thermal resistance. A 1-D transient analysis for
the critical section was then performed to obtain the surface temperature of the DSC. A threedimensional (3-D) analysis of the entire DSC was undertaken using a specially developed inhouse heat transfer code FD-HEAT, for this surface temperature. The maximum fuel sheath
temperature, for normal conditions with outer packaging, is predicted to be 187°C. The
corresponding maximum external surface temperature, without insolation, is predicted to be
67°C.
Accident Conditions of Transport
Thermal analysis of the DSC, containing 6-year cooled fuel and subjected to a 30 minute fully
engulfing fire (800°C), has been carried out using the 3-D heat transfer code FD-HEAT. The
thermal analysis was carried out assuming no outer packaging. Direct exposure of the DSC to

the fire results in increased thermal input an is therefore conservative in terms of heat input and
the overall thermal gradient across the DSC wall. The maximum fuel sheath temperature, for
fire accident conditions with no outer packaging, of 176.6°C was obtained approximately 44.5
hours after the fire. With the outer packaging in place, the initial fuel sheath temperature will
be higher. Under these conditions the maximum fuel sheath temperature increases to 245 °C.
The validation of the FD-HEAT thermal code for both the heat conduction through the DSC wall
and the convection within the DSC cavity has been performed. Thermal tests have been carried
out on an actual DSC wall section, and on a scaled model of the DSC inner cavity (including
scaled fuel bundle heat sources) to compare actual temperatures to computer model predictions.
Thermal Stress Analysis
A series of stress analyses were conducted to evaluate the response of the container during and
after the postulated fire accident [5]. The analysis was undertaken for a DSC without outer
packaging. A finite element method was applied using the computer code ABAQUS. The
analysis was based on the temperature distribution across the container obtained from the thermal
analysis. It was concluded that there would be some yielding of the steel shell but that
containment integrity would not be impaired. Some cracking of the concrete shielding could be
expected, from the inner face. However, due to the narrow crack width and tortuous nature of
the crack path, no loss of shielding is anticipated. Cracks will close upon cooling and addition
of the outer packaging will ameliorate these effects.
7.2 Impact Accident Tests
Due to the size and weight of the full-scale DSC, drop tests were undertaken on a 1/2-scale
model. Drop testing of the DSC 1/2 scale model to prove compliance with the IAEA/AECB
transport regulations was performed at Ontario Hydro Technologies' Drop Test Facility [6,7].
This facility utilizes an existing massive hexagon-shaped chimney foundation (dimensions are
3.8 m thick and 38 m wide) as an unyielding surface. The target was constructed by attaching
a 3.7 m square x 15.2 cm thick steel plate to the reinforced concrete chimney foundation.
Checker-board backdrops were positioned on two sides of the plate to improve photography, film
and video quality of each drop test. Ontario Hydro staff undertook the high-speed photography
for each test. An instrumentation hut beside the concrete foundation was used to control the
drop tests and record the data.
A 100 ton crane was used to lift the 12.5 tonne container to the required height. Crane rigging
was designed to achieve proper container orientation prior to each drop. Remotely controlled
explosive cable cutters were used to release the model.
Prior to the drop tests, a helium leak test was performed to prove the leak tightness of the
container. A helium leak rate of less than 0.2 x 10"8 std cc/sec was measured and was much
lower than the 1/2 scale DSC model allowable leak rate of 10.4 std cc/sec. Because the

licensing tests were performed on a 1/2-scale model, leak rate scalability had to be addressed
in deriving allowable leak rate values.
Two types of accelerometers (i.e., piezoelectric and piezoresistive) were used to measure
structural response during impact at several locations on the container. As well, two
independent systems were used to cross reference the measurement data. For some of the tests,
mechanical (spring-loaded) accelerometers were used, on an experimental basis, to determine
their applicability in future tests of this type.
During each drop test, the accelerometers were mounted such that their most sensitive measuring
axis were parallel to the line of the drop. The data, recorded on the analog tape recorder, was
played back to a digital oscilloscope. The data was processed to convert it to engineering units
and filtered to remove higher unwanted frequencies caused by non-impact effects such as
container resonance, ringing and electrical noise. This data was then digitized and plotted using
a digital plotter.
All instruments were calibrated and tested for their performance against their specification using
primary standards. These primary standards were calibrated by outside agencies traceable to the
Canadian National Research Council (NRC) or to the U.S. National Institute of Science and
Technology (NIST).
Impact Test Results
A drop orientation analysis was conducted to examine the most critical orientations for package
drop testing. Previous scale-model development tests, which were designed to compromise lid
integrity, demonstrated that the DSC experienced minimal damage in the 9 m drop. The top
corner drop, which resulted in maximum damage to the outer packaging, was chosen as the
worse case orientation because it challenged the outer packaging to protect container in the
subsequent 1 m drop scenario.
9 m Top Corner Drop:
For this test the DSC model was dropped so that the package's centre of gravity was directly
above the impact point. The DSC model struck the target plate in the intended orientation with
no visible in-flight rotation. On impact, the top limiter progressively deformed absorbing most
of the impact energy. The package rebounded and rotated in the air causing a corner of the
bottom impact limiter to impact the target plate. The package came to rest after several
alternating impacts between the top and bottom impact limiters and the target plate.
The maximum deceleration during impact was measured at 53 g's by averaging four electronic
accelerometer traces. There was no damage to the DSC model itself (as observed after
disassembly).

1 m Pin Drops:
Two additional lm drops were performed with the container impacting onto a 76.2 mm (3")
diameter x 400 mm long low-carbon steel pin. The pin diameter and length were scaled by 1/2
to correspond to the 1/2-scale model dimensions.
For the first pin drop, the DSC model was dropped top down onto the pin from a height of lm.
The height of the drop was measured to be 1 m from the bottom of the impact limiter to the top
of the pin. On impact, the pin penetrated through the outer shell of the impact limiter and
squarely struck the inner armour plates at the intended location. The pin buckled and the
armour plates locally deformed inwards leaving a small circular indentation on the DSC lid. No
tearing of the armour plates or the DSC outer shell was observed.
There was no damage to the DSC model (as observed after disassembly). The maximum
deceleration measured on impact with four electronic accelerometers ranged between 27 and 33
g'sFor the second lm pin impact, the DSC model was dropped onto a steel pin at the closure weld
location. On impact, the pin punched through the impact limiter and squarely impacted the
armour plates directly in-line with the DSC lid closure weld. The armour plates deformed
inwards, contacting each other, resulting in some localized deformation on the inside of the outer
packaging but did not contact the closure weld. No tearing of the stainless steel armour plates
was observed. The maximum deceleration on impact with three electronic accelerometers
averaged 24 g's.
Post Drop Activities:
A post drop helium leak test was performed to evaluate the container containment integrity after
the drop tests. A DSC leak rate of less than 0.2 x 10~8 std cc/sec was measured which was
approximately the same value measured prior to the drop tests.
7.3 Impact Analysis
In order to confirm that the proposed package design meets the AECB regulatory requirements,
a detailed analytical investigation was carried out. The structural integrity of the container was
assessed for the impact accident scenarios detailed in Table 1.
Full and half models, as shown in Figure 3, were used for the 9 m drop scenarios. The half
model exploited the geometric symmetry of the package. The models incorporate contact
surfaces which allow for sliding of mating components where necessary. It is paramount that
no separation between the welded lid flange assembly occurs since this could lead to a possible
break in containment. A shell model and a slab model of the outer packaging, as shown in
Figure 4, were used to assess the ability of the outer packaging to adequately protect the DSC
and the welded lid flange in the case of 1 m pin drops onto a 152.4 mm (6") mild steel pin. In
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the model, the location of the pin was altered on the same basic model to reflect the various pin
orientations considered [8]. The impact simulations were performed using the computer code
H3DMAP [9], which is a general purpose three dimensional non-linear structural analysis
software package currently in use at Ontario Hydro Technologies.
9m Impact Simulations
The overall finite element models of the DSC used for the 9 m drop simulations, shown in
Figure 3, are comprised of a number of components. The model was developed from the
structural detailed drawings. The DSC assembly contains three basic components:
beam elements, analog elements (wire rope)
Impact Limiters

shell elements (304L liner, overpack assembly)
solid elements (polyurethane foam)
shell elements (WT300 liner)

Container Lid
solid elements (concrete, welded flange)
shell elements (WT300 liner)
Container Body
solid elements (concrete)

1 m Pin Impact Simulations
For the 1 m pin drop simulations, only a portion of the outer packaging was modelled (Figure
4). The mesh consists of three separate components: the DSC, the pin and the outer packaging.
To simplify the analysis, the foam was not modelled and it was assumed that the pin strikes the
inner shell directly. It was not necessary to model the welded lid flange since any contact on
the flange must be avoided and acceptance was dictated by a residual clearance between the outer
packaging and flange after impact. The DSC body was modelled as an elastic material using
a coarse mesh to account for the rigid body motion of the whole package.
In the punch drop scenarios, the maximum effective plastic strains in the outer packaging
overpack shells were below allowable limits. The multiple plate design for the overpack
mitigates punch through by providing a crack arrestor for cases where the outer plate is subject
to severe damage.
A summary of the maximum decelerations for each of the cases is given in Table 1.
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Comparison of Computer Code Predictions with Drop Tests
The results of the simulations were compared with those of the drop tests [10]. The
accelerometer trace and the analytical g-load time history are compared in Figure 5. The
magnitude and time of occurrence of the peak load compare very well. The experimental curve
shows a secondary peak due to slapdown which explains the time difference during uploading.
Slapdown was not considered in the analysis which was terminated once the initial drop energy
was dissipated. Slapdown is due to the package rotation on rebound and impacting on the
opposite side. The general shape of the two curves also compare very closely. A comparison
of the deformation in the top impact limiter is presented in Figure 6. The predicted
deformations are within 5% of the measured damage. Figure 7 shows comparisons between the
analytical model and the experimental model. As seen in these figures, the analysis captured
the creasing in the outer liner along with the deformation pattern which is in excellent agreement
with the test results. The analysis also predicted some localized tearing of the outer shell of the
impact limiter in the vicinity of the impact, which was confirmed in the test.
8.0 CONCLUSIONS
Ontario Hydro has developed transportation packaging to facilitate offsite transport of the Dry
Storage Container. An application has been made to the AECB for a Type B(U) Package Design
Approval Certificate for the DSC Transport Package [11]. The IAEA Regulations for the Safe
Transport of Radioactive Materials has been used as a basis for the application as permitted
under an amendment to the AECB Transport Packaging of Radioactive Materials Regulations.
This licensing application has been made on the basis of combined full scale analysis and scale
model testing, as outlined in this paper.
If successfully licensed, the transportable DSC will represent the first licensed
storage/transportation container for used CANDU fuel. Beginning in October 1994, Pickering
N.G.S. will require up to 70 DSC's per year.
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Table 1 - Summary of G-Loads

Case No.

Drop Orientation

Maximum
Deceleration (g)

1

9m C. of G. Over Corner Drop

26

2

9m Flat End Drop

49

3

9m Flat Side Drop

74

4

lm Pin Side Drop Over Closure Weld

5.8

5

lm Pin Side Drop Over Upper Overpack Rib

5.7

6

lm Pin Side Drop - Upper Overpack

7.9

7

lm Pin Side Drop - Over Lid Region

8.1

8

lm Pin Top Drop - Flange Region of Upper
Overpack

4.5

9

lm Pin Centre of Gravity Over Lid

12.5
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ABSTRACT
Ontario Hydro generates about 86 million MWe-h/year from its 20 nuclear CANDU
reactors. The combination of a large generating capacity and relatively low fuel burn-up
means that Ontario Hydro must manage very large volume of its used fuel. Irradiated fuel
bays at Pickering NGS will be full by mid 1995. Additional storage capacity will be required
by this date for the station to continue operation.
Several long term storage options to supplement existing on-site facilities were studied. The
dry storage system, based on the modular storage container, as an option, was found to be
economical and operationally simple.
The dry storage facility at Pickering NGS is planed to provide additional on-site storage
capacity for fuel generated from 1994 to the end of the station • s operating life (year 2025).
This paper describes the design and operation of the Dry Storage System at Ontario
Hydro • s Pickering Nuclear Power Generating Station.
The facility is planned as a two phased project. Phase I will provide a storage space for 700
dry storage containers (268,800 fuel bundles) or about 12 years of station' s operation.
Phase II will have the capacity for additional 800 containers (307,200 fuel bundles) and will
provide storage untill station decommissioning in 2025.
Seventy containers will be required annually to meet storage requirements of the station' s
operation at 100% capacity factor. Staff of six persons will be required to operate the
facility.
Normal operation includes activities such as receiving and commissioning new containers,
loading them with 4 modules of used fuel in the bays, draining and drying the cavity,
decontaminating the container surface and lid welding. Helium leak test is performed
before the container is placed in the storage.

1.0 INTRODUCTION
Dry Storage Container (DSO
Ontario Hydro generates about 86 million MWe-h/year from its 20 nuclear CANDU
reactors. The combination of a large generating capacity and relatively low fuel burn-up
means that Ontario Hydro must manage very large volume of its used fuel.
Irradiated fuel bays at Pickering NGS will be full by mid 1995. Additional storage capacity
will be required by this date for the station to continue operation.
Several long term storage options to supplement existing on-site facilities were studied. The
dry storage system, based on the modular storage container, as an option, was found to be
economical and operationally simple. The decision to adopt the dry storage system was
made after a successful program aimed at demonstrating the technology by manufacturing
two proto-type containers and loading them with fuel from Pickering NGS.
Results of performance tests confirmed the technical and economic viability of the system
as an alternative to conventional pool storage. The economics of dry storage are further
enhanced if the container is also used to transport the stored fuel to its final destination,
eliminating re-handling of the fuel. The design effort will provide a practical and an
efficient design of a transportable storage container for Ontario Hydro • s Pickering Nuclear
Power Generating Station.
Dry Storage Facility
The dry storage facility at Pickering NGS is planned to provide additional on-site storage
capacity for fuel generated from 1994 to the end of the station • s operating life (year 2025).
The facility is planned as a two phased project. Phase I will provide a storage space for 700
dry storage containers (268,800 fuel bundles) or about 12 years of station's operation.
Phase II, will have the capacity for additional 800 containers (307,200 fuel bundles) and will
provide storage untill station decommissioning in 2025. The phase I, will be built in two
stages. Stage I will be ready for operation in October 1994 and accommodate 185 DSCs
(Figure 2). Stage II will have a capacity for 515 containers and will be completed in
October 1997.
2.0 RESEARCH AND DEVELOPMENT PHASE
In 1980 Ontario Hydro initiated a program to investigate technical and economic feasibility
of various storage options as alternatives to water pools. Under this program, viability of
using concrete containers in an integrated system for storage, transportation, and possibly
disposal of used fuel was studied. Because of its modularity and economic flexibility, this
concept was selected for further development and tests. Research and development efforts
focused on the following areas:

(a) Materials research into new concrete
(b) Design and tests of proto-type.
(a)

Concrete Materials Development

Concrete for the container had to have adequate strength, high density, pore water pH
between 9 and 11, and chemical inertness to ground water chemistry. With these
specifications, several mixes were developed and tested (Hooton, R.D. and Burnett, N.C.
1984)(1). Results showed that it is possible to design a concrete mix to achieve a
compressive strength of upto 80 MPa, density of 3.5 Mg./m3 and permeability of < 10"15 m/s.
(b)

Design and Tests of Proto-Tvpes

The earlier design of the container was cylindrical having a capacity for two fuel storage
modules (192 fuel bundles). This design had an inner steel liner forming the containment
boundary for the stored fuel. The outer shell comprising of high density reinforced concrete
wall formed a biological shielding and provided required strength.
Two half scale models of this design were built and tested. One was tested to assess the
performance of the container for transportation conditions (Vaccio and Sato)(2). The second
container was tested to study the thermal response under storage conditions (Vaccio and
Sato).(2)
Results of these tests established the technical feasibility of the design of a transportable
storage container. Further improvements were subsequently made to make the container
more economical and operationally simple.
3.0

DEVELOPMENT OF A FOUR-MODULE CONTAINER

3.1

Operational Considerations

Existing irradiated fuel bays are equipped with cranes and decontamination facilities. By
providing outer skin (steel liner), the container could be wet loaded directly in the bays and
easily decontaminated using existing decontamination facilities. This eliminated the need
for a more complex dry fuel transfer mechanism. The outer liner also serves as form work
during concrete pour and improves significantly structural strength and fire resistance.
3.2

Economic Considerations

To enhance the economics of the system, the capacity of the container was increased from
two modules to four modules (384 fuel bundles) without significantly affecting radiological
and thermal performance while at the same time maintaining overall weight and height
within operations limits. To remove pool water from the container after in-bay loading, the
container is provided with drain port at the bottom and vent port at the top. Bolted lid and
two sets of ' O • rings (elastomeric and metallic) provided seal for the containment boundary
(Tulk, J.D. and Sumar, R.N.)(3).

4.0

DEMONSTRATION PROGRAM

4.1

Program Objective

In 1987, the decision was made to demonstrate the dry storage system at Pickering NGS
through a design, build and operation program with two full size containers. The
demonstration program aimed at assessing actual in-situ performance of the fuel loaded
containers placed under typical storage conditions. Among the critical parameters
monitored were; radiation fields, temperatures, leak rates, surface contaminations and level
of fission gas produced in the cavity during storage period.
The first container (CIC #1) was built and loaded with ten year out reactor cooled fuel and
placed in the staorage yard in October 1988. The second container (CIC #2) was built and
loaded with six year fuel and placed in storage in September 1989.
Continuous monitoring of the containers over the four year period showed that all critical
parameters were well below calculated dose rates. Radiation fields were lower by a factor
of two. Measurement of Helium leak rate and container inner cavity pressure were
consistent and below design limits showing that the seals performed well. Temperatures of
the inner and outer liners were also found to be much less than predicted(6). CIC # 1 was
unloaded in November 1992 while CIC #2 is scheduled to be unloaded in November 1994
(Sumar, R.N. et al.)(5).
5.0

DRY STORAGE CONTAINER (DSC) DESIGN

The experience gained with the demonstration program helped further improve the design
of the container. The change in the configuration from cylindrical to rectangular shape
provided a space efficiency for stored fuel while increasing wall thickness for providing
additional shielding. The closure system was changed from a plug type bolted lid to a flat
seal welded lid, eliminating the need for elastomeric and metallic seals. Automated lid
welding equipment has been designed which will reduce welding time and operator
exposure. Table 1 shows design parameter used in the design of the DSC.
5.1

Design Consideration

The Dry Storage Container (DSC) is designed as a transportable storage container.
Material selection is based on more stringent requirements for transportation. In this
regard, the concrete provides not only shielding but adequate strength while the choice of
steel liners conforming to CSA standards G40.21 WT 300, Category 4, is to meet the low
temperature notch toughness requirements to withstand transport accident conditions.
Provisions are made in the DSC forlAEA Safeguards seals. Stainless tubes about 1.5" in
diameter are provided in the body of the DSC which will accommodate seal wire from the
body of the DSC and the lid. Ends on the wire will be tied together with an IAEA seal once
the container is welded shut (Figure 3).

Table 1 - Design Parameters
Payload

384 Fuel Bundles (4 Modules)

Radiation Dose Rates
On contact
At one meter
At two meters

200 uSv/hr (20 mrem/hr)
100 uSv/hr (10 mrem/hr)
25 uSv/hr (2.5 mrem/hr)

Temperature
At centre line of the cavity

< 150°C

Materials
Concrete Strength
Concrete Density
Reinforcing steel
Liners(inner/outer)

5.2

>40 MPa
> 3.5 Mg/m3
(CSA G30.12) Fy = 400 Mpa
(CSA G40.21 WT 300 Cat.4)

Radiation Calculation

To ensure that the design parameters are not exceeded, radiation calculation and thermal
analyses of the DSC were carried out. Radiation calculation was carried out for various
ages of fuel. Results are shown in Table 2.
Table 2 - Calculated Dose Rates (uSv/Hri for the DSC(4)
Cooling Time (Years)
Location

Position

Contact

1 Meter

6

10

15

Side
Front
Top

230
230
70

80
80
20

60
60
10

Side
Front
Top

160
190
50

60
70
20

40
50
10

5.3

Thermal Analyses

Thermal analyses was also carried out using a computer program FD-Heat to assess the
thermal performance of the DSC under operating conditions. Particularly, there was a need
to determine maximum fuel sheath temperature under these conditions and assess fuel
integrity.
Two cavity fluids or cover gas were selected for the analyses, (1) air and (2) Helium. The
age of the fuel selected was six year old fuel with decay heat load of 7.4 watts/bundle.
Among the assumptions made in the analyses is the steady-state ambient temperature of
38°C in the storage building. This approach was considered sufficiently conservative to
provide an upper limit of temperatures the fuel could possibly experience during storage
period. Results of the analyses are shown in Table 3.
Table 3 - Temperature Analyses Results(4)
Cavity Fluid
Location

Air

Helium

Outer liner Surface Temperature

45.5°C

50.9°C

Innerliner Surface Temperature

78.0°C

87.7°C

Cavity Fluid Temperature

114.3°C

132.4°C

Maximum Fuel Sheath Temperature

137.1°C

159.0°C

Long term fuel integrity under storage condition has been assessed with respect to the fuel
sheath temperatures. The study has concluded that common failure mechanism (creeprapture, fatigue and oxidation) should not cause fuel bundle failures below storage
temperature of 300°C for dry storage in air or inert gas(4). The container cavity will be filled
with Helium before its placement in the storage to minimize/prevent any corrosion of the
liners and oxidation of the fuel.
6.0

DRY STORAGE FACILITY

6.1

General

The Dry Storage Facility is located on the south-east side of the Pickering NGS site (Figure
1). The entire fuel storage program is planned to proceed in two phases to accommodate
fuel arising from all eight reactors between 1994 and station decommissioning in the year
2025.

Phase I, will consist of a building containing DSC processing area called ' The Shop Area •
and a storage space for 700 DSCs referred to as 'The Storage Area 1 . The shop area
includes the work shop, offices and utilities. The shop area is equipped to receive the DSCs,
lid welding, Helium leak testing and decontamination facilities. Phase I of the facility, will
be constructed in two stages. Stage I, will accommodate 185 DSC and will be in-service in
October 1994. Stage II will be placed in service by October 1997.
6.2

Design and Radiologiacal Safety

The dry storage storage facility is designed to provide environmental and radiological safety
to the personnel and the public. The perimeter wall provides shielding to personnel and
public by reducing dose rates to acceptable levels. Possible radioactive emissions, in the
form of ^Kr and Tritium, resulting from processing of the DSC in the • Shop Area • are
kept at minimal in terms of the station's allowable limits by filters provided. The
occupational and public exposure to radiation is also kept at minimum and within AECB
and station' s limits.
Current radiation dose limits for atomic radiation worker and public are set by the Atomic
Energy Control Board (AECB) and on the recommendation of the International
Commission on Radiological Protection 1977. Derived from this and applicable to the
design of the facilities, the allowable dose rates and calculated dose rates for the facility are
shown in Table 4.
Table 4(4) - Facility Dose Rates
Location

Allowable Limit

Calculated Dose Rates

(a) Exterior Wall

2.5 uSv/hr
(0.25 mrem/hr)

1.60 uSv/hr
(0.16 mrem/hr)

(b) Exclusion Zone Boundary

0.57 uSv/hr
(0.057 mrem/hr)

1.0 uSv/a
(0.1 mrem/a)
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OPERATING PROCESS

A total of 70 DSC' s will be required per year if the eight Pickering reactors are operating
at 100% Capacity Factor, or 60 DSC' s if at 85% Capacity Factor. A staff of six (excluding
IAEA) is needed for the operational process of removing the irradiated fuel from the bay,
moving it to the workshop, and then sealing and storing it.
7.1

Loading of DSC' s in Bavs

The new DSC is inspected for corrosion or damage, checked for module fit. Then the onsite transport vehicle delivers it, together with a transfer clamp on it's lid, to the
appropriate bay (see Figure 5). At the bay, the transfer clamp and the lid are removed, and

the DSC is filled with demineralized water. The lifting beam and existing crane lower the
DSC into the bay water and place it on the impact pad. Four modules containing 384
irradiated fuel bundles (having been previously verified by IAEA staff) are then loaded in
the DSC. Next, the lid and the in-bay clamp are placed on top of the DSC. The in-bay
clamp prevents the lid from falling off, if the DSC topples when lifted.
Once the DSC is out of the bay, it is washed in the nearby decontamination pit (see Figure
4), and then placed on the floor (254 • el.), supported by the portable impact pad. The inbay clamp is removed and the transfer clamp installed and engaged. Using both drain and
vent ports, water is displaced from the DSC, and a vacuum of 20 Torr is pulled to check the
transfer clamp leak rate. Next the DSC is backfilled with dry air to about 12 psi abs. After
final contamination checks are performed, the temporary IAEA safeguards seals are applied
(in full view of IAEA surveillance cameras).
7.2

Transport of DSC' s to the DSF workshop

The on-site transport vehicle moves the filled DSC to the workshop. The estimated driving
time is 15 and 40 minutes, from B-IFB and Aux. IFB respectively.
Since the routes from both Aux. IFB and B-IFB go through the station yard (see Figure 1),
which is an unzoned radiation area, there is a strict limit for loose contamination on the
outer surface of DSC's, ie. less than 50 cpm/100 cm sq or not detectable. While the
transfer clamp prevents any leakage of contaminants from the DSC cavity, which now
contains irradiated fuel, it also holds the lid in place, in the event the DSC separates from
the transport vehicle. The DSC will not likely topple, as it is only about 6" above the
ground during transportation. The speed of the vehicle can be controlled in small
increments from zero to 2.5 MPH. The vehicle itself may be driven from the cabin, or
remotely via radio controls. About 1" of lead shields the rear of the cabin from a DSC, so
that radiation dose rate in the cabin is less than lmR/hr.
Upon arrival in the workshop, a DSC is positioned at the selected welding station. Then
the workshop • s 80 ton crane removes the transfer clamp. The IAEA safeguards temporary
seals are also taken off (the workshop has permanent IAEA surveillance cameras).
7.3

Welding. X-rav and He Leak Test

Prior to welding, the DSC flange is heated to 105°C with electric heaters over about 8 hours.
A slight vacuum is drawn in DSC cavity to prevent any spread of contaminants. The main
flange weld, about 30 feet long, is made by two automatic welding heads, each travelling
along the circumference of the lid (see Figure 6). Two heads are used to reduce the total
welding time to about 8 hours. The welding process is controlled remotely from a local
control room via two T.V. screens and associated control panels. Should any welding
parameters go out of specifications, or should any piece of equipment fail, the built-in
interlocks and permissives will either alarm or stop the welding. After rectifying a fault, the
operator will restart the process.

After the second weld has been completed, the vacuum equipment is disconnected and the
drain plug welded manually. In order to dry out the internals and contents of the DSC,
when the flange weld is completed, a full vacuum of about one Torr is drawn on the DSC
cavity. Then the DSC is backfilled with helium to 10-12 psi abs, the vent port is purged with
helium and its plug welded manually. After an adequate cool down period, the flange weld
is inspected by radiography. To reduce X-ray hazard, this will, most likely, take place
overnight. The drain and vent port welds are also checked.
The helium leak test requires repositioning the DSC at a welding station with the necessary
equipment and instruments for this test (see Figure 7). The unique test method uses a two
piece "bell jar" so that the whole DSC can be tested at one time, reducing time and
manpower requirements. A vacuum of lxlO'2 Torr is drawn in the space between the DSC
outer surface and the bell-jar so that any helium leakage from the DSC cavity can be quickly
detected. The allowable leakage rate is lxlO'5 std. cc/sec. Out of interest, at this leakage
rate, the volume of helium in the DSC cavity will be reduced by only 0.5% after 50 years
of storage.
The flange, drain and vent port welds are then painted, final contamination checks
performed, and identification labels applied. Permanent IAEA safeguards seals are applied
to each DSC by installing two fibre optic cables and attaching the "Cobra" seals.
Subsequently, the on-site transporter places the DSC in the storage area. Finally, all DSC
identification information is computerized.
7.4

Manpower Requirements

About 160 manhours are required to complete one DSC, from start to finish, once the whole
process becomes routine. This translates to six (6) person-years, assuming 60 to 70 DSC' s
are loaded per year. Operators will be in highest demand followed by mechanics and
service maintainers (see Table 5). It should be noted that IAEA staff will perform most of
safeguards related work.
7.5

DSC Computer Record

Detailed information will be computerized, with hard copies kept in the Station Q.A. vault.
Included will be each DSC' s serial number with manufacturing data, the modules' serial
numbers, the age of irradiated fuel, the position of modules within a DSC, the number of
bundles in each module, date of loading, as well as X-ray and He leak test results. This will
all be recorded in a checklist and verified by station and IAEA staff. The storage area will
have a simple grid system to keep track of DSCs' locations and each DSC will have a
nameplate.

Table 5 - DSC Required Manpower Estimates
Workgroup

Work Hours

% of Total

Man Hours

% of Total

Operators

29.4

38

58.8

38

Mechanics

18.7

24

37.4

24

Serv. Mtce.

16.0

20

32.0

20

QC

12.0

15

24.0

15

IAEA

2.4

3

4.8

3

Total

78.5

100

157.0

100

Notes:
1.
2.
3.

6.
7.

Received dose from x-ray (radiography) not noted.
With dose estimates every dose minimizing methods used.
Ideal operations assumed throughout (no rework, no added decontamination
required or unforseen problems).
ALARA estimates used as a guide line for dose estimates.
Dose received may be higher for transfer from AIFB due to higher
background fields.
All jobs require 2 persons.
Pre-shipment activities (unloading DSC from trailer) not included.

8.0

OCCUPATIONAL RADIATION SAFETY

8.1

Station Personnel

4.
5.

The shielding provided by the DSC walls reduces the occupational radiation fields to
acceptable operating limits. Based on "ALARA11 principles and CIC Demo and Interbay
Transfers experience, the yearly dose for 70 DSC's has been estimated at 5.178 Rem
(including IAEA staff). When divided by six persons, the individual yearly dose will not
exceed the station administrative limit of 750 mRem per person (see Table 6). In later
years, as operational procedures and practices improve, the yearly dose is expected to be
below the figure stated in Table 6.
Table 6 - Dose Estimates
Operators

Mechanics

IAEA

Serv. Mtce.

QC

Total

One
DSC

.0343
rem

.0252
rem

.0045
rem

.0050
rem

.0050
rem

.0740
rem

70
DSCS

2.401
rem

1.764
rem

.315
rem

.350
rem

.350
rem

5.178
rem

Work
Group

8.2

General Public

To minimize the dose rates outside the storage building, only DSC • s containing older fuel
will be stored along the building walls. The calculated dose rates to the general public (at
the exclusion zone boundary) are well below the design target of 1% of the regulatory limit.
9.0

SAFEGUARDS AND SECURITY

Safeguards are applied to the DSF and DSC's as set out in the requirements of the
International Atomic Energy Agency (IAEA) regulations. Further, it should be noted that
the Dry Storage Facility is within the Pickering NGS security fence, which has a closed
circuit television monitoring system (CCTV) to detect unauthorized entry.
9.1

Verification of Irradiated Fuel

The day before loading into the DSC, four modules are placed on an underwater stand.
Only minutes prior to loading in a DSC, the modules are verified by the IAEA staff and
equipment from the gantry. The loading itself will be in full view of the IAEA staff and
existing cameras in the bays.
9.2

MUX Surveillance Cameras in DSF

Multiplex Video Type surveillance cameras will be provided in the workshop, and possibly
in the storage area. All cameras will be connected to the central control unit in a nearby
IAEA office.
9.3

Permanent "Cobra" Seals

Just before a DSC is taken to the storage area, permanent safeguards seals will be applied
by installing two fibre optic cables and attaching the "Cobra" seals (see Figure 3). IAEA
staff will undertake periodic inspection of the seals, during storage life.
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ARRANGEMENT OF DSC'S WHEN FACIUTY IS FULL
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